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Abstract

:

Kepahiang regency is an area above the Musi segment of the Sumatran fault system. This condition makes the study area prone to natural disasters such as landslides in the slope area caused by earthquakes due to tectonic plate movement. The objective of this study was to locate potential landslide areas in earthquake-prone areas of Kepahiang regency, Bengkulu province, Indonesia. We performed horizontal to vertical spectral ratio (HVSR) analysis and simple additive weighting (SAW) methods to accomplish the goal. The acquisition of field data involved a broad band seismometer PASI Gemini-2 (triaxial geophone). The microtremor data recorded in the field were then analyzed by the wave spectrum. The results showed that the landslide potential in the study area could be divided into three categories, i.e., low, medium, and high potential. Areas with high potential should be more aware of the threat of landslides, especially in population-dense areas. The greatest threat in the study area is an earthquake along Sumatra’s active fault. An earthquake that occurs in a very steep, landslide-prone area can increase risk and trigger a landslide.
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1. Introduction


Kepahiang is one of the regencies in the province of Bengkulu, Indonesia that has high rainfall throughout the year. This happens because the area is one of the cross section areas between the wind blowing from Asia and the wind from Australia [1]. Kepahiang Regency is also traversed by the Musi segment of the Sumatra fault system [2]. The area traversed by the fault can trigger ground motion in case of an earthquake. Earthquakes occur along the fault at a rate of 6.1 × 10−3 times per year with a minimum magnitude of about M 5.0., representing the highest earthquake occurrence rate of any segment of the Sumatran fault in the Bengkulu region [3].



Hence Kepahiang regency is prone to earthquakes due to tectonic movements along faults and bad weather, which can cause storms, landslides, flooding, etc. High rainfall and earthquakes are both factors triggering landslides. To reduce the risk of landslides in earthquake-prone areas and support disaster mitigation in Kepahiang regency, it is necessary to perform appropriate potential landslide mapping of the area. The objective of this study is to map the landslide potential in earthquake-prone areas of Kepahiang regency, Bengkulu Province, Indonesia. To achieve that goal, we used the Horizontal to Vertical Spectral Ratio (HVSR) method and weighted statistic with Simple Additive Weighting (SAW).



The novelty of this study is using a shear strain parameter approach as a land deformation parameter for a landslide potential study correlated with geological internal parameters (e.g., slopes and geological structures) and external (i.e., earthquakes and rainfall) parameters. The parameters are rainfall, slope, distance from faults to measurement point, peak ground acceleration (PGA), and Vs30. Research related to landslides with different approach has been conducted by some previous researchers, like Zhang et al. [4] and Karnawati [5].



In particular, Zhang et al. [4] carried out a research on the characterization of earthquakes and rainfall that could trigger landslides near the epicenter of the Wenchuan earthquake (China) using satellite image interpretation and field verification techniques. The results showed that Wenchuan earthquake on 12 May 2008 with M = 7.9 and a depth of 19 km resulted in 322 shallow landslides. In addition, a total of 351 new landslides caused by high rainfall occurred in Wenchuan area on 14 August 2010.



Karnawati [5] conducted research on the mechanism of rock mass movement due to earthquakes using a geological approach. The research was conducted in an area affected by the 27 May earthquake in Yogyakarta. The geological investigations included an interpretation of aerial photography and a review of regional geological data, field investigations, and engineering geological analysis. The results showed that the earthquake shacking favored the mechanism of wedge-shaped rock mass detachments and slides, the main controlling factors being the orientation of rock layers, and the weathering conditions on slopes steeper than 40°. In addition Hasi et al. [6], demonstrated that the landslide distribution caused by the Iwate-Miyagi earthquake is mainly controlled by coseismic fault ruptures.



Previous research related to landslides in our research area was conducted by Djadja et al. [7] and Sukisno and Muin [8]. Djadja et al. [7] mapped susceptibility in Kepahiang and the surrounding areas. Their research used indirect and direct methods through a geological approach. The indirect method used overlaying analysis to find the effect of factors found on parameter maps on the distribution of ground motion and used Geographic Information System (GIS) analysis. The direct method involved directly mapping the landslide susceptibility zone in the field by taking into account the factors of morphology, geology, land use, and geological structure. The results mentioned that Kepahiang and the surrounding area are divided into four land susceptibility zones, i.e., very low, low, medium, and high susceptibility zones. On the other hand, Sukisno and Muin [8] conducted landslide potentials mapping based on land use directives. They performed a potential analysis of landslide-prone areas using GIS. The result of the research shows that Kepahiang is a potential landslide disaster area with high- and medium-risk zones.



Hadi et al. [9] conducted an initial investigation of potential landslide areas on the cross road of Bengkulu to Kepahiang KM 31 to 60 using microtremor data and the steepness of the topographic slope. The results indicated that the area with the greatest potential for landslides is the inter-city road of Bengkulu to Kepahiang at the 54th kilometer—around Tebatmonok village, Kepahiang subdistrict, Kepahiang regency, with a value of ground shear strain (GSS) of 1.15 × 10−2 and a steepness of the slope of 15–30%.



The presence of faults in the study area, as shown in Figure 1, is sufficient to influence its seismic activity. In particular Kepahiang is the main termination area of a dextral fault system with a general northwest–southeast strike and showing active tectonic conditions [10]. There are two main NW-SE segments of the most active Sumatran fault system in the area of Kepahiang, namely the Daspetah fault and the Musi–Keruh fault. Secondary faults are generally in the southwest–northwest direction [11,12]. The distance of data points to the location of faults is from 6.03 × 10−3 to 7.125 km. The closer the fault, the higher the risks to the threat of earthquake and landslide will be.




2. Materials and Methods


The study area is ±60 km to the northeast of Bengkulu City. This site can be reached by vehicle in approximately two hours (Figure 2). The steps of the research are data acquisition, data processing and analysis, and interpretation of the obtained data.



2.1. Data Acquisition


The earthquake data were taken from the International Seismological Centre (ISC), the United States Geological Service (USGS), and the Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG) for the last 100-year period in Bengkulu province (1914–2014), with provisions of Mw ≥ 5 and a shallow depth ≤ 70 km, which are used as inputs to obtain peak ground acceleration (PGA) values at several points of observation. The location of observation points refers to a DEM-SRTM image map and field condition indicating landslide potential and some previous research results in Kepahiang regency.



The subsurface structures were obtained by using GSS parameters. To determine the GSS value in the field, we used the HVSR method. Data obtained in the field are microtremor data. HVSR is one of the measurement methods to understand the nature of the subsurface structure without damaging the structure. From each observation point, the position and altitude data were taken using a global positioning system (GPS) and the predominant period data of the soil and amplification value by using the broad band seismometer PASI Gemini-2 (triaxial geophone). Microtremor data acquisition refers to the Site Effects Assessment using Ambient Excitation (SESAME) standard. According to SESAME [13], the length of data retrieval will give good results if the predominant frequency at the study site is low enough.




2.2. Data Processing


Historical earthquake data in the form of latitude and longitude of the epicenter, magnitude, and seismic depth of the seismic recording are processed to obtain PGA values. The next step is to calculate the distance between the epicenter (∆) and the hypocenter (R). The distance of the epicenter and the distance of the hypocenter can be obtained by the following equations [14]:


  Δ =      (   x 1  −  x 2   )   2  +    (   y 1  −  y 2   )   2      and   R =    Δ 2  +  h 2    ,  



(1)




where x1 is the latitude of epicenter, x2 is the latitude of observation, y1 is the longitude of epicenter, y2 is the longitude of observation, and h is the depth of the earthquake source (km). The Probabilistic Seismic Hazard Analysis (PSHA) formula approach is used to obtain PGA bedrock. The calculation of PGA bedrock is obtained using the total probability theory approach. In the general form, the total probability theorem is formulated as follows [15]:


  P  [  Y >  y *   ]  =   ∬  P  [  Y >  y *   |  m , r    ]   f M   ( m )   f R   ( r )  d m d r ,     



(2)




where   P  [  Y >  y *   |  m , r    ]    is the probability of an earthquake with m magnitude at a r distance that provides  Y  maximum acceleration at a location higher than y, fM (m) is the probability of magnitude density function, and fR (r) is the function of distance density.



The microtremor data obtained in the field are still in the time zone consisting of three components, the east–west (EW) component, the north–south (NS) component, and the vertical or up–down (UD) component. The measurement data cannot be processed directly but must be converted into Sesame ASCII Format (SAF). The output of this HVSR method is the amplification value and the predominant frequency of the soil used as the input parameter to produce the value of ground shear strain, GSS (γg), which is formulated as follows [16,17]:


   γ g  =     A g  2     f g    ×  α   π 2   v b    ,  



(3)




where Ag is the amplification factor, fg is the predominant frequency of the ground (Hz), α is PGA in bedrock (gal), and vb is a shear wave velocity in bedrock whose value is 600 m/s. The microtremor data recorded in the field are then analyzed by the wave spectrum by Win-MASW 5.2 HVSR software (PASI, Torino, Italy) so as to obtain the amplification value and the predominant frequency of ground at each point of study site. This value of GSS is used as a parameter to determine the landslide potential limits and the characteristics of the ground subsurface dynamics. Location points that have landslide potential limits and characteristics of ground subsurface dynamics based on the GSS values are then mapped. Since landslide potential is also influenced by geological parameters like slope, geological structure, etc. and external parameters such as rainfall, earthquakes, etc., these parameters are correlated with GSS value at the observation site.




2.3. Data Analysis and Interpretation


In the HVSR method, the interpretation and analysis of data based on GSS contour maps are correlated with geological parameters and external parameters at the observation site. After obtaining the parameters from result of analysis by using HVSR method (Ag, fg, γ) and PGA as well as geological parameters and external parameters; furthermore, they are correlated thoroughly using SAW statistical methods. The landslide susceptibility assessment must consider the parameters of critical instability according to the assessed object by giving each expected weight value, which is proportional to the relative contribution to the slope failure or landslide [18]. According to Soeters and Westen [19], the operations that should be carried out to find the susceptibility of landslide classes are as follows: subdivide each parameter into a number of relevant classes, assign an obtained weighted value to each class, assign a weighted value obtained to each of the parameter map, overlay the yields of weighted maps, obtain scores of each terrain unit, and then classify all of obtained scores in susceptibility classes. Susceptibility scores obtained with the techniques mentioned above are usually reclassified to obtain susceptibility classes, i.e., high susceptibility, medium, and low [18].



The SAW method is a weighted sum method. SAW method is also part of multi-attribute decision-making (MADM), which is a method to establish the best alternative based on certain criteria. MADM problems evaluate m alternative Ai (i = 1, 2, …, m) against a set of attributes or Cj criteria (j = 1, 2, …, n), where each criterion is independent of each other. The decision matrix of each alternative to each criterion (X) is given by [20]:


  X =  [     x  11      x  12     …    x  1 n        x  21      x  22     …    x  2 n       …   …   …   …      x  m 1      x  m 2     …    x  m n      ]  ,  



(4)




where xij is the i-th alternative performance rating against the j-th criteria. The weight value indicating the relative importance of each criterion is given by [20]:


  W =  {   w 1  ,  w 2  , … ,  w n   }  .  



(5)







The performance rating (X) and weighted value (W) are the primary values that represent the absolute preference of the decision maker. The MADM issue ends with the ranking process to get the best alternative.



The basic concept of the SAW method is to find the weighted sum of performance ratings on each alternative of all criteria [18]. The SAW method requires the process of normalizing the decision matrix (X) to a comparable scale to all existing alternative ratings, which is [20]:


   r  i j    {       x  i j        Max    x  i j     i    ,   if   j   is   benefit   attribute          Min    x  i j     i     x  i j     ,   if   j   is   cost   attribute     ,  



(6)




where rij is a normalized performance rating of the alternative Ai on the attribute Cj; i = 1, 2, …, m and j = 1, 2, …, n. The preference value for each alternative (Vi) is provided by [20]:


   V i  =   ∑ j n    w j   r  i j     ,  



(7)




and the largest value of Vi is the best value selected.





3. Results


3.1. Microtremor Recording


Microtremor data were obtained in the field at 84 data points by considering the accessibility of the measurement site. Several sites were not suitable for collection because there was no road access, such as in a protected forest. The existing data also sufficiently represent each subdistrict in Kepahiang regency. To obtain good results, field data acquisition was conducted for 30 min at all study sites [13]. The data were then processed to obtain the natural frequency value of the soil and its amplification factor. An example of a microtremor data recording signal obtained in the field is shown in Figure 3. In Figure 3 it is shown that the microtremor source is derived from the horizontal component (north–south, NS and east–west, EW) and vertical component (up–down, UD). The recorded signal shows a clear difference between the natural vibrations and the transient vibrations. The amplitude of the transient vibrations recorded on the appliance is greater than the natural vibrations of the soil. The transient vibrations are however caused by crowd people activity, traffic activity, vibration of factory machinery, and so on; hence they were considered as noise and not involved in the data processing.



After all field data were processed using Win-MASW 5.2 HVSR Software, amplification (Ag) and predominant frequency (fg) values were obtained at each point of the study sites. The sample spectrum of the data processing results is shown in Figure 4. The vertical axis is the amplification component and the horizontal axis is the frequency component.



After obtaining the value of amplification and its predominant frequency, then reliability analysis can be performed. Reliability analysis is useful way to understand the validity of data. The data are classified to be reliable if they meet all the criteria proposed by SESAME. These criteria are: (i) fg > 10/window length; Iw (ii) number of significant cycles, nc > 200; and (iii) standard deviation, σA (current frequency, f) < 2 for 0.5fg < f < 2fg if fg > 0.5 Hz or σA(f) < 3 for 0.5fg < f < 2fg if fg < 0.5 Hz. All data obtained in the field fulfill these criteria. In this study, a 15-s window is used in order to adequately cover the natural signal, allowing for more natural signals. The sampling rate of the measurement is from 5 ms (200 Hz) to 10 ms (100 Hz), so the upper limit of output frequency is from 100 Hz to 50 Hz. However, taking into consideration the maximum output frequency limit as a whole, it is possible to have a very large output frequency value; the output frequency limit is 20 Hz because the expected frequency is merely the natural frequency.




3.2. Predominant Frequency


The predominant frequency varies from 0.7 Hz to 19.3 Hz. The predominant frequency corresponds to the depth of bedrock. The lower the predominant frequency value, the greater the depth of the bedrock and vice versa. To obtain the predominant frequency distribution map in the study area, the kriging method is used. Kriging is a geostatistical method that exploits spatial values in the sampled locations and variograms to predict values in other uncharted and/or unsampled locations where the prediction value depends on its proximity to the sampled location [21]. A predominant frequency distribution map of the study area is shown in Figure 5.



Figure 5 shows that the predominantly low frequency is located in the southwestern city of Kepahiang and extends to the southeast–northwest direction. The predominant frequency rises towards the slopes and has the highest value at the visible rock outcrop [22,23]. When a southwest–northeast incision is made, the predominant frequency will increase with the height of the topography of the slope, associated with the outcrop of the bedrock. This shows that the area has a shallow sedimentary layer.



The amplification factor or HVSR spectrum ratio in the study sites varied from 1.5 to 13.5. The ratio of HVSR spectra above hard rock shows response, with smaller peaks at higher frequencies. For the measurement point located above the thick sediment, it shows a sharper peak at a lower frequency. The HVSR ratio curve shows the contrast of impedance between the soft soil layers above the bedrock [23]. This study does not show a relationship between the predominant frequency and the resulting amplitude. Different amplification values may be found at the same frequency, as shown in Figure 6. According to Warnana [24], the distribution of high amplification factors across the measurement area indicates that the amplification factor is not determined only by topographic effects but also by some other factors, such as local geological factors. Indeed we need to be aware of areas with low predominant frequency values and high amplification values in seismic hazard analysis related to soft sediment thickness. The thick, soft sediment will affect the duration of the seismic waves that propagate at the site and will increase the amplitude of the wave, which can lead to damage to buildings.




3.3. The Landslide Potential Map


GSS values describe deformation conditions in the soil layer and they were determined based on the predominant frequency and amplification values obtained (the distribution of GSS values is shown in Figure 7). The GSS values can describe the deformation conditions occurring in the soil layer: according to Ishihara [25] they span from low (10−6–10−5) to moderate (10−4–10−3). At lower shear strain values, the soil layer only experience vibration, but in higher shear strain areas the soil can experience compaction, which can cause landslide or liquefaction. Application of ground characteristics associated with GSS levels was also proposed by Oliveira et al. [26], who showed the level of landslides occurrences during earthquakes in soil behavior. A large GSS value area has potential to run into landslides or liquefaction. GSS values of 10−2–10−1 indicate the presence of landslide movement and ground collapse characteristics.



The GSS values obtained at the study sites vary from 1 × 10−3 to 1.9 × 10−2, which are moderate to high shear strain values. Based on the criteria from Ishihara [25] and Oliveira et al. [26], the ground may be elasto-plastic; even an earthquake around the Sumatran fault segment of Musi in Kepahiang can cause landslide and liquefaction phenomena in some places of weak zones with high GSS values.



In addition to the GSS value, to determine the landslide potential, this study performs weighting using SAW statistical methods involving other parameters such as rainfall, slope, distance of fault to measurement point, PGA, and Vs30. These parameters determine the weight value at each data point at the study area. Slope parameters are determined directly at the measurement areas, while the determination of rainfall, distance from faults to point of measurement, PGA, and Vs30 at each measurement point are based on research data that has been conducted by some previous researchers, like BMKG [27], Gafoer et al. [11], Irwanto et al. [12], Hadi and Brotopuspito [28], and Allen and Wald [29], as shown in Figure 8, Figure 9, Figure 10 and Figure 11.



Figure 8 shows that the study area has very high average rainfall, from 2000 to 4000 mm/year. Areas with low rainfall are located in Bermani Ilir and Muara Kemumu subdistricts, while areas with high rainfall are located in Ujan Mas and Merigi subdistricts. However, most areas have an average rainfall of >2500 mm/year [27]. The “Guidelines for Space Planning in Vulnerable Area to Landslides Disasters” in Indonesia [30], state that landslide-prone areas are areas with high precipitation from 70 mm/h to 100 mm/day, with annual rainfall more than 2500/year [30]. High intensity of rainfall usually takes place within a short duration and covers a wide area.



Rain and earthquakes both provoke activation of landslide mechanisms. In particular, the magnitude of the earthquake relates to the extent of the landslide areas (for earthquake-induced landslides) and higher magnitudes increase the collapsed volumes [31,32]. This can be coupled with raining events lasting long enough for water to seep into a slope and favor soil mass collapse [33].



Figure 9 shows that the PGA value of bedrock in Kepahiang regency is quite high, 0.26 g up to 0.74 g. PGA is the greatest acceleration of ground vibration ever occurring in a place caused by an earthquake and is called PGA bedrock if located on bedrock [34]. The value of PGA is obtained using the PSHA approach [22]. However, the resulting PGA map also involves all the faults around Kepahing regency, either main faults or secondary faults. Areas with high PGA values are unsafe zones where there is an earthquake threat. Indonesian National Board for Disaster Management (BNPB) [35] divides categories of threat into low, medium, and high PGA values. Therefore, the building or vital infrastructure must have a high resistance to high PGA and take into account the occurrence of earthquakes with large-scale magnitude [22]. Based on the relationship between PGA and modifiedercalli intensity (MMI) scale provided by Wald et al. [36] and the classification from Wood and Ratliff [37], the research area has a scale of MMI VII to MMI IX. The social impact of this situation can cause minor damage to houses of good construction, whereas poorly constructed buildings can undergo cracks and even destruction. At the same time, it may destroy strong buildings and cause the crook of home frames and foundation shifting of buildings.



The Vs30 map obtained comes from USGS data with a grid of observation points of about 1 km. This map shows the magnitude of the medium soil shear strength against the shear movement. In terms of the geotechnical classification of the land, the value that impacts on the construction of the ground is up to a depth of 30 m (Vs30). Vs30 is the average velocity of shear wave up to a depth of 30 m from the ground surface. According to Wangsadinata [38], only layers of rock up to a depth of 30 m affect the magnification of earthquake waves. The Vs30 value indicates the magnitude of the shear modulus medium, particularly in the elastic properties of a medium [39], and is a very useful geotechnical parameter for seismic wave analysis. The values generated in the Vs30 distribution map are similar to topographic maps. This is because of the calculation to determine Vs30 using a topographic proxy [29]. Based on topographic proxies in general, flat-topped regions have lower Vs30 values than steep-topped ones.



Figure 10 shows that the distribution value of Vs30 in Kepahiang regency varies from 211 to 681 m/s. Areas with low Vs30 values are at more risk of earthquakes. This is due to the seismic wave velocity through the rocks depending on its stiffness. The softer the rock, the lower the seismic wave velocity in the rock will be and vice versa. Earthquake shocks in areas with low Vs30 values are at risk of severe damage. If it happens in the slope area, there is a risk of a landslide. The division of the index class for the Vs30 category refers to SNI 1726-2012 [40], where a low Vs30 value means a higher risk of earthquake or landslide.



Landslide potential is also heavily influenced by the slope. Zuidam [41] classifies the slope index class into seven classes, from flat to steep. The slope index class also depends on the field conditions in the study area. The field conditions in the form of areas that have experienced landslides with a certain slope angle are included in a high potential classification that generally has a steepness greater than 40°. Steep slopes have a great risk of landslides. In the study, steepness of slope is divided into three classes of indexes, namely flat–moderately steep, very steep, and extremely steep.



The landslide potential classification is determined from the weighted value of SAW. The range of values obtained is then divided into three classes, with the highest value range for high landslide potential class, medium value range for medium landslide potential, and the lowest value range for low landslide potential. Indicators of weighting criteria and performance ratings on each of the parameters are shown in Table 1. The appropriate weighting criteria and index classes refer to “Regulation of the Head of the National Agency for Disaster Management Number 02 Year 2012 on General Guidelines for Disaster Risk Assessment” in Indonesia [35]. To the most influential indicator is given the highest weight. This is based on the performance rating criteria shown in Table 1, in which each indicator obtained a preference value for each selected alternative. The final result is the landslide potential map of Figure 11.



In Figure 11, landslide potential is divided into three categories, namely low, medium, and high. The areas with high potential need to be more aware of the threat of landslides, especially in population-dense areas such as settlements where there is building and road infrastructure. In the event of a landslide in these areas, there can be casualties as well as damage to transportation networks. These areas are located in the Ujan Mas, Kepahiang, Kabawetan, Tebat Karai, Bermani Ilir, and Seberang Musi subdistricts.





4. Discussion and Conclusions


The area traversed by the Sumatran fault in Kepahiang is a fertile area because it is covered by young volcanic materials [42,43]. A consequence of this situation is an increase in settlements and related infrastructures. These physical infrastructures come at a risk of loss during earthquakes which can also trigger landslides collapses. Indeed the vibrations caused by earthquakes can trigger landslides by weakening the bonding force between grains of soil or particles of rock on slopes [33]. In addition according to Khanh [44], this process is enhanced by the rapid infiltration of water due to widening of cavities within soil material caused by earthquake vibrations.



The results of our study show that Kepahiang regency, Bengkulu province, Indonesia has areas of high landslide potential due to the Sumatran fault movement of the Musi active segment. In particular there is a risk of slopes collapse and of landslides potentially covering populated areas, highways, infrastructure facilities, thereby causing mass casualties. Indeed, according to earthquake records from the United States Geological Service [45], on 15 December 1979 there was a devastating earthquake (Ms = 6.6) with a depth of 33 km around the Sumatran fault segment of Musi, causing fissures and major landslides and nearly 500 houses were destroyed [42]. The most damaged areas are in Daspetah, Ujan Mas subdistrict. In particular, we have classified landslide potential in Kepahiang regency into three categories, namely low, medium and high potential. Areas that have high potential, such as Ujan Mas, Kepahiang, Kabawetan, Tebat Karai, Bermani Ilir, and Seberang Musi subdistricts are at greater risk from landslide disasters, especially in densely populated areas. Hence it is important that buildings and infrastructure are built in this area to resist earthquake shocks and that they are not constructed in areas of high landslide potential.
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Figure 1. Regional geological map and the existence of a fault of Kepahiang regency, Bengkulu province, Indonesia (modified from Gafoer et al. [11] and Irwanto et al. [12]). 
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Figure 2. Landslide-prone study area of in Kepahiang regency, Bengkulu province, Indonesia. 
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Figure 3. Examples of microtremor recording signals obtained in the field: (a) microtremor recording of the combined three components of NS, EW, and UD; (b) microtremor recording of the NS component; (c) microtremor recording of EW components; (d) microtremor recording of UD components. 
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Figure 4. Example of the spectrum of data processing results to get the fg and Ag value at data points with the predominant frequency and amplification respectively: (a) aih05 on (4.1 Hz and 6.1); (b) ban03 on (6.8 Hz and 4.1); (c) kl3 on (4.2 Hz and 5.9); (d) tg1 on (6.0 Hz and 6.3). 
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Figure 5. Map of the predominant frequency distribution in Kepahiang regency, Bengkulu province, Indonesia. 
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Figure 6. The predominant frequency value and its amplification at each measurement point. The labels of the X-axis in Figure 5 are names of the measuring stations. 
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Figure 7. Distribution of GSS values in Kepahiang regency, Bengkulu province, Indonesia. 
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Figure 8. Map of the rainfall of Kepahiang regency, Bengkulu province, Indonesia (modified from BMKG [27]). 
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Figure 9. PGA bedrock map of Kepahiang regency, Bengkulu province, Indonesia (modified from Hadi and Brotopuspito [28]). 
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Figure 10. Vs30 map of Kepahiang regency, Bengkulu province, Indonesia (modified from Allen and Wald [29]). 
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Figure 11. Landslide potential map of Kepahiang regency, Bengkulu province, Indonesia. 
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Table 1. Indicator, criterion weight, and performance rating of each parameter in the earthquake-prone area.
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Indicator

	
Criterion Weight

	
Level of Susceptibility

	
Index Class

	
Performance Rating






	
Ground shear strain (GSS)

	
5

	
High

	
GSS ≥ 0.01

	
3




	
Medium

	
0.0001 ≤ GSS ≤ 0.01

	
2




	
Low

	
GSS ≤ 0.0001

	
1




	
Rainfall (mm/year)

	
3

	
High

	
Rainfall ≥ 2500 mm/year

	
3




	
Medium

	
1000 mm/year ≤ rainfall ≤ 2500 mm/year

	
2




	
Low

	
Rainfall ≤ 1000 mm/year

	
1




	
PGA (g)

	
2

	
High

	
PGA > 0.7 g

	
3




	
Medium

	
0.26 g < PGA < 0.7 g

	
2




	
Low

	
PGA < 0.26 g

	
1




	
Vs30 (m/s)

	
4

	
High

	
Vs30 ≤ 350 m/s

	
3




	
Medium

	
350 m/s ≤ Vs30 ≤ 750 m/s

	
2




	
Low

	
Vs30 ≥ 750 m/s

	
1




	
Slope (°)

	
3

	
High

	
Slope > 40°

	
3




	
Medium

	
25° < Slope < 40°

	
2




	
Low

	
Slope < 25°

	
1




	
Distance from the fault (km)

	
3

	
High

	
Distance from the fault ≤ 1 km

	
3




	
Medium

	
1 km ≤ distance from the fault ≤ 5 km

	
2




	
Low

	
Distance from the fault ≥ 5 km

	
1
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media/file13.jpg
REJANG LEBONG REGENCY.

cenTRAL

S,
o

3

g

H

HITES






media/file4.png
3°43'30"S

=
@
=
=
o
L%
b
-
&
Py

REJANG LEBONG REGENCY

A
'
a}'
Legend :

— Road @ Data points

River Fault
Meters Ring

2500 Fracture

2000 Fault

1500 (predicted)
1000
500

L 0

Source :
DEM SRTM 1arc V.3

N e
Sumatra

Indonesié \{J

Bengkl}l‘tnr’cny o~
\x“s






media/file18.png
a33n's

3A43'30's

CENTRAL
BENGKULU
REGENCY

5

"lﬂl—*‘.‘*

v
J
*
L
1

L]

seBERAME MUsI
[

2w
4
wd
mF

™ -

»

L ]

*
‘#

REJANG LEBONG REGENCY

A,

-ty

EMPAT LAWANG REGENCY

Legend :

s Data Points
Road
%= River
PGA (g}
B os5-074
B 055- 064
0.46 - 0.54
B 036-045
B oz5-035

Sumatra,
Indonesia

1
102 29°0"E

1
102 3F30"E

102°480"E






media/file21.jpg
REJANG LEBONG REGENCY

cenTRAL
BENGKULU
REGENCY

EMPAT LAWANG REGENCY






media/file3.jpg
:






media/file22.png
3°33'0"S

3°43'30"S

CENTRAL
BENGKULU
REGENCY

REJANG LEBONG REGENCY

h’.h.-.--.

o=
s
'.'/’
{

KABAWETA

-

.

< 3.

q,
S
&
@
@Q
]

@

l

EMPAT LAWANG REGENCY

BN BN I Km
0 5 10
Legend :

Road

\K River

Landslides Potential :

B High

Medium

BN Low

1
‘ [ ]
. ! Sumatra_,
\—-"" b Indonesia
garAIGm
'“l L Ly .
.-I-’
0 ';
| |
102°29'0"E 1 02°37'30"E 102°46'0"E






media/file19.jpg
REJANG LEBONG REGENCY

centRAL
BENGKULU
REGENCY

EMPAT LAWANG REGENCY






media/file7.jpg





media/file10.png
3°33'0"S

3°43'30"S

CENTRAL

REJANG LEBONG REGENCY

MUARA KE

BN B I Km
0 5 10
Legend :
— Road
v River

Predominant Freq. (Hz)

BENGKULU B 16.00 - 20.00

REGENCY . 12.00-15.99
B 08.00 - 11.99
Z 04.00 - 07.99
8 I 00.00-03.99
14
o
S
= ,
- ‘9-'.
- -
=
= Sumatra, .

g w Indonesia
—_ g,
v, i,
1 g
a ,l - w
r~,
_ﬁtﬂ.—nr-".; \..“_’
R N,
1 1 |
102°29'0"E 102°37'30"E 102°46'0"E






media/file14.png
3°33'0"S

3°43'30"S

CENTRAL
BENGKULU
REGENCY

REJANG LEBONG REGENCY

N *
-t * -
hy "~ \'---0

J ~

+ LY

EMPAT LAWANG REGENCY

Legend :
—— Road

= River
GSS

B 0.019
B 0.017
I 0.015
770.013
[ 10.011
[ 10.009
10.007
[ 0.005
I 0.003
I 0.001

Sumatra,
Indonesia

|
102°29'0"E

| |
102°37'30"E 102°46'0"E






media/file11.jpg





media/file6.png
zero-mean & detrended data

|

NS: zero-mean & detrended data

NS
—Ew
—UD
A e ey - = o - e ¢ e
(a)
| | I |
10 15 20 25
time (min)

EW: zero-mean & detrended data

05}
05
0 —# s = 5 0 : : :
05
(b) (c) e (d)
0 5 10 15 20 25 15 20 25 5 10 15 20 25
time (min) time (min) time {min)






media/file15.jpg
REJANG LEBONG REGENCY

EMPAT LAWANG REGENCY






nav.xhtml


  geosciences-08-00219


  
    		
      geosciences-08-00219
    


  




  





media/file16.png
3°33'0"S

3°43'30"S

REJANG LEBONG REGENCY

S Vol B
it - 0 5 10
\
0\ .
. N Legend :
. ® Data Points
Road
= River
CENTRAL Rain Fall (mm/year)
BENGKULU B <2000
REGENCY ~ 2000 - 2500
S 2500 - 3000
E 3000 - 3500
8 3500 - 4000
o T > 4000
©)
E
=
<
—
|_
&
\  SEBERANG MUSI = Sumatra,
- () Indonesia
N ® - b
\\ L] “‘. gar4lam
“ »
- ,l - = "
-"‘l-."‘>" ,
o
0, L
| | |
102°29'0"E 102°37'30"E 102°46'0"E






media/file2.png
3°33'0"S

3°43'30"S

CENTRAL
BENGKULU
REGENCY

Ny
" " oy -
oy s \'---’

J ~

L]

F

REJANG LEBONG REGENCY

EMPAT LAWANG REGENCY

Legend :
® Data Points
Road

= River

_ + Fault
=7 (predicted)
Quarternary Volcanic
Kaba Volcanics
Diorite
Gumai Formation
Hulusimpang Formation
Toms | Seblat Formation

Sumatra, N
Indonesia

1
102°29'0"E

1
102°37'30"E

|
102°46'0"E






media/file20.png
3°33'0"S

3°43'30"S

CENTRAL
BENGKULU
REGENCY

no

]
L
‘:; .

' 7 ’&‘@

REJANG LEBONG REGENCY

Qar
\\"-\-\.
~an,

."“l-."‘. ’\

J

+

R T N

.

EMPAT LAWANG REGENCY

Legend :
@ Data Points
~ Road
\< River
VS30 (m/s)
B 651
B 603
B 525
[ 446
[ ]3e8
[ ]290
B 211

Sumatra,
Indonesia

|
102°29'0"E

| |
102°37'30"E 102°46'0"E






media/file5.jpg
g I -
(@)
i
05 05| -
op————— | |
® § © | @
o N L
g et P






media/file1.jpg
cenTRAL
BENGKULU
REGENCY

REJANG LEBONG REGENCY

EMPAT LAWANG REGENCY






media/file12.png
=t Predominant freg. [Hz)
it 2,11 ol iFiCa tiON

10
5
o

GE
SE
B
TELIE
A
g
7ES
L&
2B
AL =
= g8
EXN B
Nmmm
LN
OTH1E
iYle
e
™IE
Houeq
SoUEq
ZJeg
Gueq
SUEq
£Queg
opueg
Fill==
ey
T B






media/file9.jpg
REJANG LEBONG REGENCY.

cenTRAL
BENGKULY
REGENCY

EMPAT LAWANG REGENCY

Legena.
Roaa

- Ruer

-z

o0

-cwne






media/file0.png





media/file8.png
aih05.SAF - HVSR (window length: 15s)

HVSR

frequency (Hz)

ban03.SAF - HVSR (window length: 15s)

T g l T T T T T I T I T T T T T T

g ' [ ' ' ' ' ' oo ' ' ' ' ' oo ' ' ' ' ' I
Sv— e AL LA LA LA L L L L L LRl L Ll Ll AL Ll Ll L ol LT S esssssssssmEmesssapesssquaageege <hv ------------------------------------------ C

g [ ' ' ' ' ' [ ' ' ' ' ' (O ' ' ' ' [

g [ ' ' ' ' ' [ ' ' ' ' ' [ ' ' ' ' [

g 3 5 0 ' ' ' ' ' [ ' ' ' I, ' ! oo ' ' ' “ ' L

g ' (TS O | ' ' ' ' ' [ ' ' ' ' \I [ ' ' ' ' [

g ' e T A ' ' ' ' ' [ ' ' ' ' fu [ ' ' - ' [

g ' I (T AN | ' ' ' ' ' [ ' ' ' ' ' D ¥ ' ' ' [
40—- -------------------------------------------------------------------------------- - = - =1 He ===t = p == ‘

g ' U T P ' ' ' ' ' [ ' ' ' ' ' DA ' '

g ' [T T A | ' ' ' ' ' [ ' ' ' ' ' o L ! ' '

g ' Rt BT EO ' ' ' ' ' L T ' ' ' ' o r ' '

g ' [ BT R ' ' ' ' ' [ ' ' ' 0 [ ' '

g ' A B G ' ' ' ' ' [ ' ' ' ' ' g R ' '

HVSR

'
;I—_A-.A—l.l,_h

1\: \ .::5:: :
1”“‘“"*-&\. ..,,ﬂ.:..«-ww

0'11111 : I : R N
10™ 10° 10’ 10°

frequency (Hz)

ki3.SAF - HVSR (window length: 15s)

¥ T R e e H e 7 e e e e JepE T o R =
:((':) ' oo ' ' {)\ R R '
B — A -
L AR G R 1
TR RN ORI SOROU. | OO U T 13 0. N .,1\-\-,’--3-5-,’ ........................................ 2
A e e b NS /AT s
f-ieiniirt e T et ezl “""*\‘J'/ . \\ =R e R %
25_-.5--i-- W il ;,,_':—.—.—.-.—.-’.—.'.E'.“:.:-:rsfi_.j.\._ir\\/,\f ......... N :-:-E -e} A'b ‘4 .......... :
| 3RS S R MR EEE I I R fi'_f_”f“*'_‘_’__
0: i 1 1 ll 1 1 1 é 1 1 1 ll 1 1 1 1 1 : : :l

frequency (Hz)

tg1.SAF - HVSR (window length: 15s)

frequency (Hz)






media/file17.jpg
cenTRAL
BENGKULU
REGENCY

REJANG LEBONG REGENCY

EMPAT LAWANG REGENCY






