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Abstract  

 The Central Bengkulu Regency possesses a coastline measuring 21.8 km, situated in direct 

proximity to the Indian Ocean. The heightened wave and ocean current dynamics possess the capacity to 

induce detrimental effects in the form of coastal abrasion along the coastline. This study conducted an 

examination of the rate of shoreline changes resulting from coastal abrasion in Central Bengkulu 

Regency, Bengkulu, Indonesia. Horizontal-to-vertical spectral ratio (HVSR) analysis, multichannel 

analysis of surface waves (MASW), and Landsat-8 remote sensing were all used in the current 

investigation. The project gets started with conducting field investigations and measurements of 

geophysical techniques, including the collection of Landsat-8 satellite imagery spanning the period from 

1990 to 2020. Additionally, an examination was conducted on the rate at which the shoreline undergoes 

changes in velocity. In order to determine the increase in change that occurs along coastlines over a 

period of several decades, a study was carried out during which Landsat-8 satellite images were analyzed. 

This study investigates the application of the HVSR technique for assessing the seismic vulnerability of 

the ground and, additionally, the MASW technique for measuring the shear wave velocity of the 

coastline’s soil. Both of these methodologies are compared and contrasted with one another in this 

research. The findings indicated that the mean pace of coastline change in Central Bengkulu Regency was 

1.5 m/yr, with the maximum velocity recorded at 4.1 m/yr. This high velocity of shoreline change is 

correlated with the Vs30 value of MASW measurement and Kg of HVSR measurement, where the 

subsurface soil structure along the coast of Central Bengkulu Regency from Vs30 measurement shows 

that it is dominated by stiff soil structure that is susceptible to erosion. Outcomes from the study can 

inform decision-making processes about safeguards and preventative measures to prevent further coastal 

degradation. 
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Introduction 

Among of the several regencies in Bengkulu Province, Central Bengkulu Regency represents one of 

the regencies that’s practically near to the Indian Ocean. According to Rostika et al. [1] and Pratama et al. 

[2], this ocean is frequently subjected to waves of a significant magnitude. These ocean waves cause 

coastal erosion in various regions directly facing it [1-3] including Central Bengkulu Regency. They hit 

the beaches and the cliffs. Central Bengkulu Regency has of 21.8 km of coastline [4]. This marine area 

causes Central Bengkulu Regency to be bordered by coastal areas dominated by cliffed beaches that have 

experienced erosion and are prone to abrasion (Figure 1). The abrasion condition in this regency is also 

exacerbated by the development of shrimp ponds that affect the vulnerability of the land around the coast. 

Coastal areas that experience abrasion for an extended period will cause disruption of local sediment 

dynamics [5] caused by nature and humans [6]. Abrasion, a global problem [7,8] is caused by high-
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intensity waves and currents [9]. In order to effectively manage coastal assets, ecosystems, navigation, 

and economic growth, alongside coastal area development [10], it is critical to protect coastlines that are 

prone to erosion and high ocean waves [11]. 

 

 
Figure 1 Coastal conditions in one area of Central Bengkulu Regency. 

 

Previous research on coastline and coastal erosion has been conducted by Lubis et al. [12] in North 

Bengkulu Regency, which shows the average velocity of coastline change in Padang Betuah is 19.4 m/yr, 

Lais is 19.9 m/yr, Serangai is 19.5 m/yr,  Ketahun is 15.9 m/yr,  and in PT Firman Port with a velocity of 

15.7 m/yr. Maulana et al. [13] showed that the abrasion velocity in Bengkulu City was 2.8 m/yr. 

Furthermore, the abrasion velocity in Southern Bengkulu covers 6.2 - 9.6 m/yr [14]. In Kaur Regency, the 

abrasion velocity covers 12.6 - 18.5 m/yr [15]. Research by Lubis et al. [12]; Maulana et al. [13]; Oktami 

[14]; and Supiyati et al. [15] showed that the abrasion velocity around Central Bengkulu Regency had 

experienced abrasion with significant shoreline changes. However, based on the studies conducted, 

research has yet to discuss changes in the coastline throughout Central Bengkulu Regency. However, 

based on existing field conditions, coastal erosion in Central Bengkulu Regency is included in severe 

coastal erosion. Therefore, it is necessary to mitigate coastal erosion disasters in Central Bengkulu 

Regency. These mitigation efforts are carried out for coastal area management, understanding of coastal 

dynamics, and development in coastal areas [16-18]. Utilization of data derived from satellite images 

makes it possible to ascertain the rate of change that is occurring along coastlines. For the purpose of this 

study, the satellite images were analyzed using a technique recognized as the Modified Normalized 

Difference Water Index (MNDWI). The MNDWI method has been successfully used by several 

researchers on shoreline-related studies [19-21]. This method can determine object-based classification 

and segmentation in coastline regions [21]. Because this technique has the ability to differentiate between 

wetlands and vacant land with a precision rating of 99.85 % [22], it is particularly useful for determining 

the rate at which coastline changes occur along the coastline of the Central Bengkulu Regency. 

After this, the outcomes of the MNDWI are combined with the findings of active seismic methods 

like the Multichannel Analysis of Surface Wave (MASW) to attempt to determine the velocity of shear 

waves (Vs30), in addition to the results of passive seismic methods like the Horizontal-to-Vertical 

Spectral Ratio (HVSR). At the location of the research, the MASW approach is utilized so that the 

velocity of the shear wave profile may be determined. The Rayleigh wave dispersion principle may be 

derived from this method simply through the reference to the correlation that exists among phase velocity 

and frequency, as Park et al. [23], Xia et al. [24] have previously explained. Horizontal-to-vertical 
Spectrum The approach is known as the HVSR [25]. This method has been utilized on a massive scale 

worldwide to map high-risk locations for earthquake-related disasters [26-28]. This study also uses 

seismic vulnerability index (Kg) statistics, calculated utilizing natural frequencies and amplification 

factors and based on the HVSR approach. In-ground motion site effect studies Anderson et al. [29], Park 

and Elrick [30] were conducted in the coastal Central Bengkulu Regency, and this Vs30 data is 

considered an important parameter. By analyzing the characteristics of the soil dynamics in the research 

region and basing that analysis on the seismic vulnerability value (Kg), we can reduce the likelihood that 

an earthquake will cause significant damage. In addition, it is anticipated that the findings obtained from 

the integration of MNDWI, active seismic, and passive seismic in the coastal area of Central Bengkulu 

Regency will make a significant contribution to the efforts made to develop policies and management 
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strategies and spatial planning in the coastal area of Central Bengkulu Regency in order to mitigate the 

adverse effects of natural disasters.  

 

Geological setting of study area      

The west coast of Bengkulu, Indonesia, on the coastal part to the hills, are generally formed by 

sedimentary deposits of Quaternary age with layers of silty-clay sand, silt, and sand that can reach 

thicknesses ranging from 5 m to up to 40 m. In addition, the Bengkulu coastal area reflects beach ridge 

deposits, swamp deposits, and alluvial deposits [31] (see Figure 2). According to the outcomes of a study 

that was conducted by Gafoer et al. [32], the stratigraphy in the region where the study was conducted is 

generally made up of units of rocks and formations ranging from the Tertiary to the Quaternary, with 

composite rocks being generated by volcanic products. The Bintunan Formation, also known as QTb, is 

what makes up the Tertiary geologic unit. Alluvium (abbreviated as Qa) and Alluvium Terraces 

(abbreviated as Qat) are the types of rock units that make up the Quaternary strata. Alluvium (Qa) 

comprises boulders, pebbles, mud, and clays. The Bintunan Formation (QTb) consists of tuffaceous 

sandstone, polymictic conglomerate, and tuff & tuffaceous claystone. According to Gafoer et al. [32], the 

Alluvium Terraces (Qat) are composed of semiconsolidated gravels, sands, and mud clays. In addition, 

geology interprets the various kinds of rock that make up the coast as substrates for erosion. The relative 

hardness of the minerals that make up the kind of rock is what determines how easily erosion may occur 

on that particular rock. According to Sandhyavitri et al. [33], several geological forms can be found in 

coastal environments, including rocks, sediments, erosive deposits, and coral reefs. Those coastlines most 

resistant to the effects of seawater erosion are those with elastic strata. In comparison, strands that include 

sediments that are easily moved are more likely to be eroded by the ocean. 

 

 

Figure 2 The Geological setting map and site measurements (HVSR and MASW) (adjustment from [32]). 

 

Materials and methods 

According to the data provided by the Central Bureau of Statistics in 2023, the Central Bengkulu 

Regency possesses a coastline of roughly 21.8 km (refer to Figure 2). Three methods were used to figure 

out how fast the shoreline was changing in the research area: Landsat-8 satellite imagery analysis in 2 

different zones, active seismic measurements at 16 specific sites, and passive seismic measurements at 27 

specific sites. 
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Landsat-8 imagery 

The Landsat-8 satellite was used to acquire imagery for this investigation, and the investigation 

covered the years 1990 through 2022. Landsat-8 is a satellite that delivers worldwide georeferenced 

imagery as well as data processing abilities. NASA and the USGS are in charge of managing it. It is an 

operational land imager, and it covers an array of fields, including mapping, the use of land, forestry, 

coastal region observing, and managing flood risks [34]. Thermal infrared sensor equipment is also 

supported by this device. It had a resolution of 30 m and a width of 185 km, and it was equipped with an 

optical image that could identify things from the obvious to the near-infrared spectrum. According to the 

results published by Marangoz et al. [35], the overall precision of the Landsat-8 classification was 

reported to be 75.6 % for the classifications of bare ground, forest, human settlement, ecosystems, and 

water. The data were obtained from the official site of Landsat-8 data, which can be accessed at 

https://earthexplorer.usgs.gov. This website was used to collect the data for this study. The first step in the 

process of analyzing satellite imagery is to construct the MNDWI. Second, several stages were carried out 

in data processing, namely, image cropping, to obtain the focus of the research area. Furthermore, 

geometric corrections are carried out to improve the position of objects in the image so that they match 

the actual coordinates using QGIS (https://www.qgis.org/en/site/) Third, the data is processed using the 

MNDWI method [22]. MNDWI effectively distinguishes water and urban areas in satellite imagery [36]. 

This method is stable in describing water from land [37], so it is suitable for separating land and sea 

objects in satellite imagery data. According to Xu [22], this technique makes use of the obvious green 

(GREEN) and shortwave infrared 1 (SWIR1) spectrum bands. Although the outcomes of various other 

groups ranged from tighter intervals, the aqueous-related indices (NDWI and MNDWI) were more 

successful (particularly the MNDWI) in improving water characteristics. The differences in each index 

that were brought about by the watery land use class resulted in the discovery of weakened relationships 

among each index. In terms of statistics, the majority of varieties of land cover are separated from each 

other; at present, when different forms of greenery that have various water content are compared, 

analogues can be observed in some cases. According to Szabó et al. [38], MNDWI was determined to be 

the best approach for emphasizing lakes and rivers. 

 

Active and passive seismic 

Two stages of the survey were carried out. Namely, the first phase involved an active seismic 

survey in evaluating the thickness of the coastal sediments and shear wave velocity (Vs) at each case study 

location. The second phase involves passive seismic surveys, investigating the propagation of natural 

seismic waves (ambient noise) contributing to vertical and horizontal vibrations along the coastal 

environment. From these data, soil models were developed and used to evaluate the performance of active 

and passive seismic surveys in identifying the velocity of change of the coastline. The methodological 

performance of active and passive seismic engineering, including field procedures, instrument 

configurations, and settings, was tested at various coastal sites, following beach features, sediment grain 

sizes, and bedrock geology (bedrock stratigraphy) to assess their suitability. This study used passive 

seismic methods to observe subsurface structures in coastal erosion-prone areas in Central Bengkulu 

Regency. This research was conducted at as many as 27 site measurements spread along the coast in areas 

prone to coastal erosion, Central Bengkulu Regency. Data from 3 component waves (North-South, East-

West, and Up-Down) were recorded for 30 min using the PASI Mod Seismoter Short Period tool. Gemini 

2 with a sampling rate of 5 ms (200 Hz) at each measurement point. At the same time, the active seismic 

method is used to measure the speed of shear waves on subsurface structures in parts of the Central 

Bengkulu Regency that are vulnerable to coastal erosion. The tool used is the PASI Mod seismograph. 

16S24P carried out as many as 16 site measurements. This tool has 24 geophone channels with an offset 

of 5 m, a spacing between geophones of 2 meters, and a sampling rate of 125 μs. 

Horizontal-to-Vertical Spectral Ratio (HVSR) is an approach technique adopted by Nogoshi and 

Igarashi [39]; Nakamura [40] to look at passive seismic data and figure out the way site effects three-

component noise in the environment recordings. The processes for processing the data were carried out 

utilizing the Geopsy application [41], and they were carried out in accordance with the recommendations 

that were presented in the SESAME project [42]. A period window duration of 15 s was chosen for the 

analysis. Additionally, a cosine taper width of 10 % was permitted in the analysis. Furthermore, Konno 

and Ohmachi [43] implemented a smoothing factor for every window, with a smoothing value of b = 40. 

The deformation amount in the ground depends on the frequency and amplitude of the seismic wave. In 

order to properly conduct soil mechanics analysis investigations, it is necessary to determine the potential 

deformation values that could occur after a quake [44,45]. In this regard, Nakamura [46,47] estimated the 

potential damage that could occur during an incident by using a vulnerability index (Kg) that depended on 
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transverse deformation.  According to Szabó et al. [38] categorised the seismic vulnerability index data 

into 4 classes: Low (< 3), moderate (3 - 5), high (5 - 10) and very high (> 10). 

 
Figure 3 HVSR curves from several site measurement data; (a) T1, A0 = 3.2, f0 = 3.0, (b) T3, A0 = 3.9, f0 

= 6.1, (c) T7, A0 = 4.6, f0 = 2.9, and (d) T25, A0 = 2.3, f0 = 2.8. 
 

 

During active seismic fieldwork, we utilized the MASW geophysical approach. The MASW 

methodology has many benefits above other seismic methods since it is able to detect slow layers or 

zones that are below fast layers or zones in contrasting geology [48]. This is an enormous benefit. MASW 

data were processed with WinMASW 5.0 Professional. The analysis begins with the upload of the data 

collected into the WinMASW software in the format of.dat file formats. After that, the software adds the 

geometry metadata to the seismic records before producing dispersion curves from the Rayleigh wave 

windows it had previously observed. With the goal of producing the velocity of the shear wave profile, 

you will first need to pick the dispersion curve, then create the initial launching model, and then execute 

the inversion method. Recent studies and applications have efficiently used this method to calculate shear 

wave velocity (Vs30) distributions in soils and rocks [49] and correspondingly near-surface geological 

sites. In addition, it has been shown that the class can be estimated. Guides best practices in real-world 

projects [50]. The evaluation of the technical features of soils necessitates the consideration of shear wave 

velocity as a crucial element [51].  The variety of soil characteristics each produce their own unique set of 

velocity values for shear waves in the soil matrix. As a result, it is possible to connect it with various 

aspects of the soil, and it is also possible to use it as a crucial variable in usages such as the identification 

of the soil and the evaluation of its technical behavior [52]. 

 

 

Table 1 Site classification for seismic design from Badan Standarisasi Nasional [53]. 

Shear wave velocities (m/s) < 175 175 - 350 350 - 750 750 - 1500 > 1500 

Site classification SE SD SC SB SA 

Note: SE (Soft soil); SD (Stiff soil); SC (Very dense soil and soft rock); SB (Rock); SA (Hard rock) 

adapted from [53]. 
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Figure 4 Shear Wave Velocity (Vs) curves from several site measurement data (Orange line is Vs and red 

dotted line is Vs30). 

 

Results and discussion 

Landsat-8 imagery measurement 

One of the most stunning, peaceful, and alluring beaches in the area is located in Zone I and is 

referred to as Gedang Lake. This beach attracts a lot of tourists every year because of its incredible 

natural splendor and picturesque surroundings. The majority of the beach, which is located adjacent to the 

lake, is made up of sand. In general, the beaches surrounding Gedang Lake undergo seasonal variations 

due to deposition and erosion throughout the year. In Zone II, Sungai Suci Beach and Wahana Surya are 

also among the beautiful, attractive beaches in the region. Many tourists visit this beach to enjoy the 

scenery, beauty, and games available. The beach is primarily sandy and has been developed by the private 

sector and the government as one of the official tourist attractions. In general, the beach is also 

experiencing changes in the form of erosion. Using the Geographic Information System (GIS) along the 

coast of Central Bengkulu, imagery was taken from satellite images (Landsat-8 OLI) that showed changes 

in the shoreline. This coastline undergoes a lot because of both natural and human-made activities, 

including neighborhood drainage systems, disposal of solid waste, building with concrete, etc. Because of 

this, the placement of the coast changes every time. Furthermore, the shoreline changes all the time 

because sediments move across the shore and along the beach in the coastal zone. This is because the 

surface of the water at the coast constantly changes due to things like winds, tides, groundwater, storm 

surges, high tides, etc. [54]. Figure 5 shows how the coast changed throughout the years. 

 

 

Figure 5 The shoreline of Central Bengkulu changes as one progresses along the coast. Gedang Lake is in 

Zone I. Sungai Suci and Wahana Surya coastlines are in Zone II. 
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Based on the data processing results using the MNDWI method, the velocity of shoreline change in 

Central Bengkulu Regency is obtained based on Net Shoreline Movement (NSM). This study used 

shoreline velocity data from 1990 - 2022 with NSM generated in this study as many as 102 transects. The 

results of NSM in each transect were then calculated with the basic velocity formula to obtain changes in 

shoreline velocity for 32 years. The velocity map of shoreline change in Central Bengkulu Regency can 

be seen in Figure 5, and the value of each transect can be seen in Table 2. 

 

Table 2 Velocity of shoreline change from 1990 - 2022 along the Central Bengkulu coastline. 

Transect 
Distance 

(m) 

Time 

(yr) 

Velocity 

(m/yr) 
Transect 

Distance 

(m) 

Time 

(yr) 

Velocity 

(m/yr) 

T1 33.46 32 1.05 T52 37.39 32 1.17 

T2 42.05 32 1.31 T53 41.77 32 1.31 

T3 46.88 32 1.47 T54 42.11 32 1.32 

. . . . . . . . 

. . . . . . . . 

T49 62.40 32 1.95 T100 0.37 32 0.01 

T50 41.87 32 1.31 T101 10.42 32 0.33 

T51 31.32 32 0.98 T102 4.51 32 0.14 

Average Velocity (m/yr) 1.53 

 

Active and passive seismic measurement 

Together with the fundamental frequency, the H/V spectra from passive seismic recordings made at a 

total of 27 sites were used to figure out the factor of amplification. There was an extensive spectrum of 

acceptable values for the factor of amplification, which ranged from 0.59 to 4.58. The values of the 

fundamental frequency ranged from 2.58 to 8.62 Hz, as shown in Figures 6(a) and 6(b). When viewing 

the Kg map (Figure 6(c)), it is feasible to observe that the values for the Kg range ranged from 0.05 to 

7.28. This study classified Kg values according to Akkaya [26].  The area closest to Gedang Lake and in 

the border part with North Bengkulu has a relatively high Kg value (Figure 6(c)). High Kg values indicate 

that the area consists of weak soils. On the other hand, in the coastal size from Gedang Lake to the border 

of Bengkulu City, Kg values decrease (Figure 6(c)). The results indicate that structural damage is likely to 

occur in locations with Kg values > 5. 

 

 

Figure 6 Spatial distributions of site effect along coastal Central Bengkulu. (a) Amplification factor 

distribution, (b) Fundamental frequency distribution, and (c) Distribution of SVI (Kg). 
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The investigation involved the utilization of the active seismic method (MASW) to obtain 

measurements, which were subsequently used to construct 1-D velocity profiles. Then each 1-D velocity 

profile was divided into 4 soil layers. The Vs values in the first layer ranged from 144 - 674 m/s. The Vs 

values in the second layer went from 131 - 583 m/s. The Vs Values in the third layer ranged from 121 - 

484 m/s. The Vs Matter in the fourth layer ranged from 284 - 1800 m/s. The site class along the coast of 

Central Bengkulu, according to SNI 1726:2019 classification [53], is divided into 5 soil classes, namely 

Soft Soil, Stiff Soil, Very Dense Soil, Rock, and Hard rock (see Figures 7(a) - 7(d)). In the coastal region 

of Central Bengkulu, observations of the average velocity of shear waves were acquired up to a depth of 

30 meters (Figure 7(e)). Vs30 values ranged from 227 to 1235 m/s. These values were compared with 

SNI 1726:2019 soil characterization for site category guidelines [53]. According to the Vs30 map, the soil 

in the coastal region of Central Bengkulu can be classified into one of 3 categories: Rock, Very Dense 

Soil, and Stiff Soil. Rock is the most hazardous classification. 

 

 

Figure 7 Spatial distributions of shear wave velocity (Vs) along coastal Central Bengkulu. (a). Vs layer 

one distribution, (b). Vs layer 2 distribution, (c). Vs layer 3 distribution, (d). Vs layer 4 distribution, and (e). 

Vs 30 distribution.  
 

Discussion 

Shoreline changes in Central Bengkulu Regency are caused by several factors, one of which is the 

geological conditions in the research area. The research area comprises Bintunan Formation, Alluvium, 

and Alluvium Terraces Formations [32]. Therefore, the rock formations in this area become one of the 

main controlling factors when changes in the coastline occur in Central Bengkulu Regency. Based on the 

results of satellite image data using the MNDWI method, from 1990 to 2022, the average velocity of 

shoreline change was 1.53 m/yr (see Table 2). The rate of shoreline change in Central Bengkulu Regency 

results in 2 events: Sedimentation and erosion. Coastal erosion, on the other hand, is the most significant 

phenomenon along the coastline of the Central Bengkulu Regency. 

 The velocity of shoreline change in Central Bengkulu Regency erodes some parts of the coastline in 

Central Bengkulu Regency. The results also show that the most significant rate of shoreline change 

occurs in T6 at a velocity of 4.06 m/yr with a reduction in land area of 130.11 m. The removal of land 

area around T6 is also relatively large, with the velocity of shoreline change occurring around 3 - 4 m/yr. 

Based on satellite image observations, the area around T6 is also very vulnerable to coastal erosion. The 

velocity of shoreline change is then correlated with the passive seismic method (HVSR) to determine the 

subsurface structure in Central Bengkulu Regency. Based on the passive seismic way, the Kg values 
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obtained range from 0.05 to 7.28. The highest Kg value is around Gedang Lake, indicating that the area 

has a softer soil type than other areas with lower Kg values. Conversely, the low Kg value in the southern 

area along the coast indicates that the soil structure is more complex than in other areas. Based on the 

results of the Kg value shows that the area around Gedang Lake is an area that is prone and vulnerable to 

coastal erosion compared to other areas.       

In addition to that, the active seismic method (MASW) was used in this investigation, and the results 

gave the velocity of shear waves measured at a depth of thirty meters. The results for Vs30 ranged from 

227 to 1235 meters per second. According to the findings of the Vs30 data, the points T5, T13, T14, T6, 

and T9 have all received fairly low Vs30 values, ranging from 175 to 350 m/s. According to the 

categorization provided by SNI 1726:2019 [53], the region is categorized due to stiff soil. Based on the 

site class value, it shows that the location has a type of soil that is easily eroded by coastal waves, making 

it easier to experience coastal erosion. Various strategies exist to address coastal erosion. Typical 

interventions taken in response to coastal erosion include the construction of seawalls, breakwaters, land 

reclamation, and the conservation or relocation of reefs (Cooper and Pilkey 2012; French 2001; 

Nordstrom 2014). 

 

Conclusions 

It is required, in order to plan and put into practice relevant mitigation measures, to first have a 

comprehension of the conditions that lead to changes in shorelines and to carry out continual monitoring 

of these changes, particularly in regions that have been degraded. Only then can appropriate mitigation be 

planned and put into action. Based on the results, Central Bengkulu Regency experienced significant 

shoreline changes from 1990 - 2022. The average shoreline change velocity in Central Bengkulu Regency 

is 1.5 m/yr, with the highest velocity of 4.1 m/yr. This high shoreline change velocity is correlated with 

the Vs30 and Kg values, where the subsurface soil structure along the coast of Central Bengkulu Regency 

from Vs30 measurement shows that it is dominated by stiff soil structure that is susceptible to erosion. 

The shoreline change analysis that results from this study can provide stakeholders, policymakers, and 

scientists with assistance whenever it pertains to making decisions surrounding the continuation of coastal 

development activities along the coastline of Central Bengkulu. 
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