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Abstract: During the 8.6 Mw Bengkulu-Mentawai Earthquake Ratu Agung District was 
identified as an impacted area. This paper aims to deliver the seismic vulnerability based on 
geophysical observation. This study was initiated by performing the ambient noise measurement 
to obtain the geophysical characteristic, such as amplification and predominant frequency. 
Furthermore, the vulnerability index analysis was performed from the geophysical information 
collected from the investigation. To observe the tendency of ground damage during the 
earthquake, ground damages analysis is also performed. All results are depicted into the 
microzonation maps. The results showed that the amplification and predominant frequency on 
site are generally ranging from 3 to 5 and 5 to 8 Hz, respectively. The seismic vulnerability index 
in study area is up to 10-3. The results showed that during the Bengkulu-Mentawai Earthquake, 
the investigated sites could be possible to undergo crack settlement which can trigger massive 
sand boiling in the study area. 
 
Keywords: Bengkulu-mentawai earthquake; seismic vulnerability; amplification; predominant 
frequency. 
  

 
 

Introduction   
 

A strong earthquake occurred on September 12, 

2007, which was later known as the Bengkulu-

Mentawai Earthquake, has raised many questions 

to the geotechnical engineers and geophysicists. The 

main issues related to this event are liquefaction 

phenomenon along coastal area [1], the reliability of 

seismic design code [2], and the seismic vulnerability 

and microzonation maps for the seismic hazard 

mitigation in Bengkulu [3]. One of the areas in 

Bengkulu City that was undergoing the significant 

damage during the Bengkulu Mentawai Earthquake 

in 2007 was Ratu Agung District (Figure 1). Several 

researchers such as Mase [1], Farid and Hadi [3] and 

Refrizon et al. [4] reported that geotechnical dama-

ges could occurred during the earthquake in this 

region. 
 

Several researchers, such as Mase [1,2,5], Farid and 

Hadi [3], Refrizon et al. [4], Mase and Somantri [6], 

and Mase [7] had studied the earthquake impact 

and another related phenomenon called liquefaction 

damage during the Bengkulu-Mentawai Earthquake 

on September 12, 2007. 
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Mase [5] studied the characteristic of earthquake in 

Bengkulu City and reached a conclusion that during 

the Bengkulu-Mentawai Earthquake, the damage 

intensity expressed by the Modified Mercalli Inten-

sity (MMI) is about scale IX. Mase and Somantri [6] 

studied the liquefaction damage along coastal area of 

Bengkulu City due to the Bengkulu-Mentawai 

Earthquake. The results of that study showed that 

along coastal area of Bengkulu City is vulnerable to 

undergo liquefaction during the earthquake. Mase 

[7] performed a finite element analysis to observe the 

excess pore pressure at sand layers along coastal 

area of Bengkulu during the Bengkulu-Mentawai 

Earthquake. The result of Mase [7] study exhibited 

that shallow sand layers along coastal area of 

Bengkulu City is very vulnerable to undergo lique-

faction during the Bengkulu-Mentawai Earthquake 

in 2007. Mase [1] examined one-dimensional seismic 

ground response analysis to observe the liquefaction 

potential along coastal area of Bengkulu City. In 

that study, Mase [1] mentioned that at shallow 

depth, the excess pore water pressure ratio (ru) had 

reached and exceeded the liquefaction threshold.  

Mase [2] performed a seismic ground response ana-

lysis to the soil sites along coastal area of Bengkulu 

City. Mase [2] suggested that the ground ampli-

fication during the Bengkulu-Mentawai Earthquake 

was relatively high. In addition, Mase [2] mentioned 

that during the Bengkulu-Mentawai Earthquake, 

the resonance phenomenon could be more on low to 

medium high-rise building. In general, the previous 

studies focused on the liquefaction potential and the 

performance of seismic design during the Bengkulu-

Earthquake only for specific sites in Bengkulu, 
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especially along coastal area of Bengkulu, whereas a 

detail study related to seismic vulnerability for a 

specific region has not been performed yet. However, 

the previous studies had reached a preliminary 

conclusion that Bengkulu City could undergo the 

seismic damage during The Bengkulu-Mentawai 

Earthquake. 

 

  
(a)                              (b) 

Figure 1. Soil Damages in Ratu Agung District due to the 

Bengkulu-Mentawai Earthquake on September 12, 2007 

[8] (a) Crack at Ground Surface, (b) Massive Ground Failure  

 

This paper presents the geophysical survey results in 

Ratu Agung District using the microtremor equip-

ment. Microtremor is used to collect the information 

of ambient noise, and geophysical characteristic of 

sites, such as amplification (A0) and predominant 

frequency (f0). Furthermore, the analysis of seismic 

vulnerability (Kg) and the possible ground damage 

defined as the ground shear strain () during the 

Bengkulu-Mentawai Earthquake in 2007. The re-

sults are then mapped into microzonation map in for 

Ratu Agung District. In general, this study is 

expected to provide a better understanding of seismic 

vulnerability to sites at Ratu Agung District during 

Bengkulu-Mentawai Earthquake. The results are 

also expected to consider and to warn the people in 

Ratu Agung District to implement the seismic 

hazard mitigation in Bengkulu City, especially once 

a strong earthquake happens in the future. For the 

stake holder, this study could contribute in design for 

spatial plan with the basis of seismic hazard assess-

ment particularly in Bengkulu City. 

 

Study Area 
  

The study area is presented in Figure 2. Ratu Agung 

is a part of coastal areas in Bengkulu City. The 

district is directly facing the Indian Ocean. According 

to Hausler and Anderson [8], the huge damage 

during the Bengkulu-Mentawai Earthquake in 2007 

(Earthquake epicentre is shown by the star symbol) 

were found in Ratu Agung District. This area is also 

dominated by alluvium materials, which included 

sands, clays, silts, and gravel. This area also has 

shallow ground water level. During the Bengkulu-

Mentawai Earthquake, the loose saturated sandy 

soils in 2007 could be liquefied, as reported by 

Hausler and Anderson [8]. 

 

Figure 2. Location of Study Area 

 

In line with the history of earthquake impact in 

Bengkulu City; therefore, Ratu Agung District is 

selected as the focused area in this study.  In Ratu 

Agung District, several liquefaction evidences were 

also found [1,8] (as presented by circles in Figure 3). 

The site investigation on the basis of geophysical 

survey was performed in Ratu Agung District 

(Figure 3). This area is bordered with several 

districts, such as Sungai Serut District, Singaran 

Pati District, Ratu Samban District, and Gading 

Cempaka District. Ratu Agung District is dominated 

by formation of alluvium terraces deposits. This 

formation incudes sands, silts, clays, and gravels. A 

small part of reef limestone is also found in this 

study area. There are 32 sites (Figure 3) that were 

investigated in this study. The measurement using 

microtremor measurement is performed in this 

study area to obtain the information of geophysical 

characteristic such as the amplification and predomi-

nant frequency (f0). 

  

Theory and Method 
 

Ambient Noise Measurement by Microtremor 

and its Applicability 

  

The ambient noise and its applicability have been 

widely observed by several researchers, such as 

Lachet et al. [9], El Hady et al. [10], and Mase et al. 

[11]. In the implementation, microtremor is appli-

cable to observe the geophysical characteristic. The 

main interpretation results of microtremor measure-

ment is the horizontal to vertical spectral ratio (H/V 

ratio) corresponding to frequency (f). Mase et al. [11] 

mentioned that H/V ratio also reflects the transfer 

function of ground site, which is addressed to esti-

mate the predominant period (To), the H/V ratio, 

and the shear wave velocity (Vs) profile.  
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Figure 3. Layout of Site Investigation 

 

Kanai and Tanaka [12] introduced the empirical 

technique to estimate the H/V ratio of sites based on 

microtremor observation (popularised by Nakamura 

[13]). The method was derived based on the com-

parison of horizontal and vertical spectral ratio of the 

recorded ambient noise, which was aimed to expect 

H/V ratio of sediment deposit during the recording 

of the ambient noise measurements. Atakan [14] 

noted that the H/V ratio derived from the ambient 

noise measurement was consistent with the H/V 

ratio of the earthquake recorded on between the 

surface of the sediments and the surface of bedrock 

(the interface between bedrock and the sediment 

deposit). Lachet and Bard [15] stated that the 

technical approach can depict the predominant 

frequency and result in the expected estimation of 

the site response of sediment soil deposits.   

 

The example of interpretation of H/V Ratio is 

presented in Figure 4. In Figure 4, the interpretation 

is presented on the comparison between the H/V 

ratio and frequency (f). In Figure 4, there are three 

lines of H/V curve, i.e. one solid line and two dashed 

lines. The solid line is the mean H/V curve, whereas 

two dashed lines are the standard deviation lines of 

H/V curve. The peak H/V ratio values is defined as 

Amplification or A0, whereas the frequency at A0 is 

defined as predominant frequency. The H/V ratio 

estimation of sites based on shear waves comparison 

on horizontal and vertical direction is expressed in 

the following equation, 

 

2 2

( ) ( )
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/
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H V
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 (1) 

 

where, H(EW) and H(NS) are the horizontal spectral 

acceleration values in the east-west (EW) and north-

south (NS) directions, respectively, and V is the 

vertical spectral value. 

 

Figure 4. The Interpretation of Geophysical Properties at 

P11 

 

The H/V ratio were much more stable than the raw 

noise spectra, has been confirmed by many studies 

(Lachet et al. [9]; Koçkar and Akgün [16]). The H/V 

ratio is normally well correlated with the predo-

minant frequency (f0). Nevertheless, the peak H/V 

ratio understanding is still the issue, which is fre-

quently discussed in H/V ratio determination 

aspect. Lachet and Bard [15] mentioned that the 

human noise and the environmental setting are 

usually restricted the valuable measurement to 

provide the best description of soil sites. Therefore, 

the H/V ratio is possible to estimate the predomi-

nant frequency but it is not good enough to provide 

the H/V ratio due to the constraint of velocity, 

Poisson’s ratio (), and receiver restriction. Bonnefoy-

Claudet et al. [17] suggested that due to the nature 

aspect and human noise; therefore, the H/V ratio is 

not totally clarified. Raptakis et al. [18] stated that 

although the limitation of H/V ratio reliability in 

term of local site perception, there is a consensus 

that predominant frequency values obtained from 

such measurement are reliable. 

 

Based on this interpretation H/V and predominant 

frequency (f0) can be easily obtained, as shown in 

circle in Figure 4. This information is possible to be 

used to determine the vulnerability indices (Kg) in 

observed areas [19], which is expressed in this 

following equation, 

2

0

( / ) peak

g

H V
K

f

    (2) 

where, Kg is vulnerability indices, H/Vpeak is peak of 

H/V ratio, and f0 is predominant frequency. 
  

Nakamura [19] explained that shear strain at 

ground surface is unique parameter related to 

vulnerability indices. The shear strain value range 

and its resulted phenomena were compiled by 

Ishihara [20] (shown in Table 1). By following the 

strain dependences shown in Table 1, Nakamura 

[19] derived the formulation of  (shear strain) linked 

0

2

4

6

8

0.5 5

H
/V

R
a
ti

o

Frequency (Hz)

A0=5.879

f0 = 5.233 Hz



Mase, L.Z. / Seismic Vulnerability Maps of Ratu Agung District / CED, Vol. 21, No. 2, September 2019, pp. 97–106 

 100 

to Kg which is shown in Equation 3. In its result, the 

estimation of shear strain is then referring to the 

limitation of shear strain presented in Table 1.  

max
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where,  is shear strain of soil dynamic properties, Kg 
is vulnerability indices, amax is acceleration of seismic 
wave at base rock (estimated by Kanai and Tanaka 

[21]) in Equation 4), and Vb is shear wave velocity at 
base rock, T0 is the predominant period (simply 
predicted by 1/f0), Mw is the moment magnitude of 
earthquake, and R is the hypocentre of earthquake    

 
Method of Research 
 
The framework of this study is presented in Figure 
5. This study is initiated by collecting the informa-
tion of earthquake history in Bengkulu Province. 

The literature review related to the geological con-
dition and relevant studies related to the earthquake 
hazard in Bengkulu City. Furthermore, the study 
area is defined. The measurement using microtre-

mor is performed to obtain the ambient noise, which 
is further processed to obtain H/V ratio and 
predominant frequency (f0). The H/V ratio and 

predominant frequency should fulfil the reliable H/V 
curve as recommended by SESAME [22]. The values 
of H/V Ratio and f0 are then interpreted in 
microzonation map. Those values are also employed 

to analyse the seismic vulnerability indices (Kg) for 
the study area. To observe the potential geotechnical 
hazard phenomenon during the Bengkulu-Mentawai 

Earthquake in 2007, the ground shear strain () 
analysis is performed. In this study, the estimation 
of peak ground acceleration based on Kanai and 

Tanaka [21] model is performed. Both Kg and  
values on each site are depicted into microzonation 

map. In general, this study is expected to provide a 
better understanding of vulnerability aspects in 
Ratu Agung District during the Bengkulu-Mentawai 
Earthquake in 2007. 

 

Results and Discussion 
 

In this study, there are four maps are presented. The 

first one is microzonation map of A0, the second one 

is microzonation map of f0. Both maps present the 

general interpretation of geophysical characteristic 

in Ratu Agung District. The third and the fourth 

microzonation maps are the microzonation map of Kg 

and microzonation map of , respectively. Both Kg 

and f0 maps present the seismic vulnerability 

characteristic in the study area. The detail expla-

nations of those maps are presented in the next 

following section. 

 

Figure 5. The Flow Chart of this Study 

 
Geophysical Characteristics 

 

In this study, the criterion based on SESAME [22] is 

used for Figure 6 presents the interpretation of A0 

and f0 at the investigated sites. In general, Ratu 

Agung District has the A0 ranging from 1.619 to 

6.567, whereas f0 ranges from 0.859 to 11.671 Hz.  

On the basis of the results presented in Figure 7, 

there are several relatively high A0 at low frequency 

(0.859 to 2 Hz). A large A0 with medium f0 (4.027 to 

7.427 Hz) and high f0 (8.368 to 11.671 Hz) is also 

observed in several measured sites. Although, the 

tendency is not well presented, the observation 

presents the evidence that generally, there is a large 

impedance contrast between sediment and bedrock 

in Ratu Agung District, especially for the sites with 

large A0 and low f0. It indicates that there is a large 

impedance contrast dominated by the thicker 

sediment underlain by a stiffer bedrock. On another 

hand, a high f0 indicate that a relatively thin 

sediment would be underlain by the stiffer bedrock. 

This finding is also supported by Mase [2] and 

Refrizon et al. [4] studies which also reported that 

the thin sediment existed along coastal area of 

Bengkulu City, particularly Ratu Agung District  
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Figure 6. Amplification (A0) vs the Predominant Frequen-

cy (f0)  

 

The interpretation of measurement results is 

presented in Figure 7. In this study, the criterion of 

SESAME [22] is used to generalize the characteristic 

of geophysical measurement results in the study 

area. Those results are also representing the areas in 

Ratu Agung District in Bengkulu City. Those 

selected sites are P1, P5, P11, P14, P22, and P32 (see 

Fig. 3). Figure 7a presents the H/V curve for P1. 

Based on Figure 7a, it can be seen that there is a 

flattered A0 values of 3.450 at f0 of about 3.123 Hz. It 

indicates that there is a medium impedance contrast 

in the site. According to SESAME [22], this site could 

be located at soft alluvium sediments and silty clay. 

In addition, the H/V curve also predicted that the 

sediment is underlain by the sandstone bedrock. The 

two clear peaks at medium value of f0 are presented 

by Figure 7b. The site has A0 of 2.236 and f0 of 4.833 

Hz, which means that there is a relatively small 

impedance contrast compared to the previous site.  

According to SESAME [22] and Gosar [23], this 

condition indicates that there are probably the 

deeper sediment deposits with relatively similar soil 

density. The clear peak has been observed at P11 

and P14. P11 has the clear peak at relatively larger 

f0, and vice versa for P14, as presented in Figure 7c 

and Figure 7d. These sites are likely located at 

elongated alluvial valley [22]. P11 exhibits that there 

is the impedance contrast resulted to the larger A0 

compared to P14. However, P14 tends to have 

thicker sediment compared to P11, since it has a 

smaller f0. Figure 7e and Figure 7f presents H/V 

curve for P22 and P32. For P22, a clear peak has 

identified at predominant frequency of 2.589 Hz, 

whereas P32 has a clear peak at predominant 

frequency of 7.990 Hz. Based on the observation, P22 

tends to have a thicker sediment compared to P32. 

This is due to the fact that f0 of P32 is larger. 

However, P22 has potentially a larger impedance 

contrast among the layers in the sites compared to 

P32. This is indicated by a larger A0 exhibited by 

P22. The two peaks of amplification are observed at 

P32 in which based on SESAME [22], they indicate 

two impedance contrasts in the surface. It is pro-

bably related to a denser sediment underlain by the 

shallower stiffer bedrock. 

 

 
(a)                                               (b) 

 
(c)                                                 (d) 

 
(e)                                                  (f) 

Figure 7. The H/V Ratio Corresponding to Frequency for 

(a) P1 (b) P5 (c) P11 (d) P14 (e) P22 and (f) P32 

 

Microzonation Map of A0 

 

The microzonation map of A0 is presented in Figure 

8. In this study, the Krigging Interpolation Method is 

implemented to generate microzonation map for 

Ratu Agung District. In general, Ratu Agung Dis-

trict sites have the dominant A0 of about 3 to 5, 

which are located in the middle part, northern part, 

and eastern part of Ratu Agung District. The middle 

part of Ratu Agung District, a higher A0, i.e. about 5 

to more than 6, is found. In the western part, the A0 

values range from 1 to 3 are found. The larger 

amplification value indicates that there are the 

potential of wave amplifying due to the significant 

difference among the soil layers. This also presents 

that the propagated seismic wave could be larger, if 

it propagated from one medium to other soft medi-

ums compared than the travelled previous wave. 

Gosar [24] also mentioned that the larger ampli-

fication could be caused due to the weak indication of 

relatively higher impedance contrast between the 

soft sediment and bedrock. Corresponding to the 

geological condition in the study area, Ratu Agung 
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District is generally dominated by alluvium terraces 

composed by sands, silts, clays, and gravels. The 

larger A0 sites reflects that the sites are dominated 

by the relatively loose or soft material near surface. 

For the site with the lower A0, it means that there is 

no significant impedance contrast between the bed-

rock and soil deposits. It also indicates that the 

layers could be relatively having the similar density 

and consistency. This evidence is also confirmed by 

the geological condition in the western part in which 

there is the narrow zone of geological condition 

dominated by reef limestone. In this zone, the 

bedrock surface is relatively located at shallow depth 

[1]. Therefore, the propagated seismic wave is relati-

vely smaller due to it travels in materials with the 

relatively similar densities. However, Mase [1] men-

tioned that those sites dominated by reef limestone 

formation could undergo resonance impact at medi-

um to high period during seismic wave propagation 

of Bengkulu Mentawai Earthquake in 2007. 

 

Microzonation Map of f0 
 

The interpretation of predominant frequency (f0) in 

the investigated sites is presented in microzonantion 

map in Figure 9. In general, Ratu Agung District has 

interval f0 ranged from 1 to 11 Hz. In the central 

area, f0 values ranging from 5-8 Hz. Gosar [23 and 

24] mentioned that predominant frequency is asso-

ciated with the sediment thickness in a study area. 

Regarding to the zonation, it indicates that the 

medium thick sediment thickness is potentially 

located in the central area. In the southern area and 

the northern area, the low f0 (1 to 5 Hz) exists. This 

indicates that there is a relatively thick alluvium 

deposit in Ratu Agung District. In the western part 

of Ratu Agung District and the eastern Part of Ratu 

Agung District and the small part of central Ratu 

Agung District, the higher predominant frequency 

ranging from 8 to more than 11 Hz are found in the 

study area. Corresponding to Gosar [23] and 

SESAME [23] recommendation, the site having the 

larger predominant frequency indicates that there is 

a relatively shallow bedrock. In another word, there 

is a relatively thin alluvium deposit in those zones.  

 

Mase [1] mentioned that during the earthquakes, 

the liquefactions were found a long coastal area of 

Bengkulu City, including Ratu Agung. In connection 

with the predominant frequency (f0), along coastal 

area of Ratu Agung has f0 of about 2 to 4 Hz. It 

indicates that the relatively thick alluvium deposits 

composed by loose sand exist in that area. In 

addition, along coastal area of Ratu Agung also has 

A0 up to 5. It also indicates that there is impedance 

contrast between sediment and bedrock in this area. 

Mase [2] reported that along coastal area of 

Bengkulu City could undergo the large ground 

amplification during earthquake. It gives the under-

standing that the thin sediment along coastal area of 

Bengkulu City tends to undergo the shaking effect 

during the earthquake. This could be the reason why 

the liquefaction was massively found along the 

coastal area. 

 

 

Figure 8. The Microzonation Map of Amplification (A0) 

 

Microzonation Map of Kg 

 

Figure 10 presents the interpretation of seismic 

vulnerability index (Kg) in Ratu Agung District. In 

Bengkulu City, A0 and f0 in the study area are 

relatively varied. Therefore, there is a variation of 

seismic vulnerability index. Seismic Vulnerability 

Index in Ratu Agung District ranges from 1 to 16. In 

majority, Ratu Agung Sites has the Seismic Vulnera-

bility Index ranging from 1 to 4, especially in the 

central part of Ratu Agung Area. Another dominant 

Seismic Vulnerability Index in Ratu Agung District 

has range of about 4 to 9. These zonation ranges are 

spreading in several areas such as the eastern part 

of Ratu Agung District. The ranges of about 9 to 16 

or more are detected in the small areas in Ratu 

Agung District. These ranges are located in the 

northern part of Ratu Agung District, which is 

bordered with Sungai Serut District. During the 

2007 Bengkulu Mentawai Earthquake, Hausler and 

Anderson [8] reported that the studied area was 

massively liquefied. It seems to be consistent as 

resulted from this study, where in majority the Kg 

values of about 2 to 9 are dominantly found in the 

study area. In general, the results of this study are 

relatively consistent as resulted from other studies 

performed in other areas, such as Babool in Iran and 

Yuanlin in Taiwan. Choobasti et al. [25] and Huang 

and Tseng [26] in studying the characteristic of 

liquefaction based on microtremor observation in 

Babol City and Yuanlin Areas, respectively. Choo-

basti et al. [25] showed that the minimum Kg values 

of the liquefied site in Babol City was 5, whereas 

based on Huang and Tseng [26], the values of Kg 
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varied from 2 to 14. The different values of Kg from 

the result and other studies results may be caused 

by the difference of geological condition. The results 

of this study and other studies show that the 

vulnerability indices are not always well matched 

with the liquefaction damage. It means that the 

liquefaction event is possible to find on the location 

having the low vulnerability index, even though in 

the location with a high vulnerability index, liquefac-

tion damage is more generally found [26].  

 

 

Figure 9. The Microzonation Map of f0 

 

Microzonation Map of  

 

In this study, the ground shear strain () that can 

interpret the possible geotechnical phenomenon 

during the 8.6 Mw Bengkulu-Mentawai earthquake 

in September 2007 are presented. As expressed in 

Equation 3, there is the acceleration variable, which 

is needed to estimate the ground shear strain. There-

fore, the acceleration values estimated by Equation 4 

is calculated. In this study, Vb of 760 m/s as shear 

wave velocity at base rock for Ratu Agung District is 

considered based on studies Mase [2] and Refrizon et 

al. [4].  The interpretation of acceleration microzona-

tion during the Bengkulu-Mentawai Earthquake in 

2007 for Ratu Agung District in is presented in 

Figure 11. In Figure 11, it can be seen that during 

the earthquake, the peak ground acceleration (PGA) 

mostly happened are ranging 0.5g to more than 0.6g. 

This peak ground acceleration (PGA) are mostly 

found in the central, western, and eastern parts of 

Ratu Agung District. For several areas of Ratu 

Agung District, especially in the southern part and 

the northern part, PGA ranges from 0.2g to 0.4g. 

Based on the interpretation of PGA in the study 

area, all areas in Ratu Agung District has undergone 

PGA more than 0.1g. According to Kramer [27], the 

minimum required PGA which is needed to trigger 

the liquefaction in an area is about 0.1g with 

magnitude of earthquake of about 5 Mw. The 

prediction of PGA in this study area seems to be 

consistent with massive liquefaction found in this 

location during the Bengkulu-Mentawai Earthquake 

2007, since in in overall, the predicted PGA in the 

study area has exceeded the minimum requirement 

of PGA to trigger liquefaction. 

 

 Figure 10. The Microzonation Map of Kg 

 

 

Figure 11. The Microzonation of Ground Shear Strain () 

in the Study Area. 

 

From the interpretation of PGA presented in Figure 

11, the ground shear strain can be estimated by 

Equation 3. The ground shear strain in the study 

area is presented in Figure 12. In general, the 

interpretation shows the ground shear strain in the 

location is of about 10-3. Based on the guidelines 

provided by Ishihara [20], the ground shear strain () 

reflected that in general, the possible damage during 

the Bengkulu-Mentawai Earthquake is Crack Set-

tlement during the earthquake. Several evidences 

presented in Figure 1 have confirmed this possible 

settlement. The similar phenomenon such as cracks 

and fissures during the earthquake is also reported 

by several researchers such as Soralump and 

Feungaugsorn [28] and Lukkunaprasit et al. [29] 

during the Tarlay Earthquake in 2011 and the Mae 

Lao in Northern Thailand, respectively. Based on 

those reports, the crack settlement and fissures can 
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happen due to the strong shaking resulted from 

earthquake. Those cracks and fissures are therefore 

able to be the path of excess pore water pressure to 

raise up. Those phenomena can be categorised as the 

one of sand boiling steps as stated by Castro [30 and 

31].  Several areas in eastern and western parts of 

Bengkulu City could also undergo another pheno-

menon during the earthquake, which is known as 

wave vibration, since the ground shear strain re-

sulted is about 10-4. In these wave vibration zones; 

the geological condition is dominated by denser 

materials and reef limestone at shallow depth. Those 

denser materials tend to reduce a worse possible 

impact during the earthquake. Therefore, only seve-

ral locations in Ratu Agung District could undergo 

this phenomenon. In general, based on the inter-

pretation of ground shear strain in Ratu Agung 

District, it can be concluded that the seismic damage 

during the earthquake is massively found. 

 

 

Figure 12. The microzonation of peak ground acceleration 

in the study area. 

 

Concluding Remarks 
 

This paper presents the seismic vulnerability during 

the Bengkulu-Mentawai Earthquake in 2007 in 

Ratu Agung District, Bengkulu City, one of the most 

impacted areas during the earthquake. The geophy-

sical investigation on the sites using the ambient 

noise method of microtremor is presented. Several 

results such as the geophysical characteristic such as 

H/V curves, A0 microzonation map, f0 microzonation 

map, PGA microzonation map, and the ground shear 

strain () are presented.  

 

Ratu Agung District is detected as one of the most 

impacted areas during the Bengkulu-Mentawai 

Earthquake in 2007. Several field evidences had 

been reported by Hausler and Anderson [8]. The 

results of investigation present that there is a corre-

lation between the geophysical condition and lique-

faction phenomenon found during the Bengkulu-

Mentawai Earthquake. The H/V curves show that 

the amplification (A0) in the sites are relatively 

larger. It indicates that there is the significant 

impedance contrast during the earthquake. It means 

that the possible impact of propagated wave ampli-

fication during the earthquake could be larger. The 

predominant period (f0) on the investigated sites are 

also relatively medium to small, which indicates the 

relatively thick sediments exist in the study area. 

Those sediments are mostly dominated by alluvium 

terraces (Qa) materials dominated by sands, clays, 

silts, and gravels. This geological condition seems to 

be one of the main reasons why the liquefaction 

could happen in this location. In addition, the shal-

low ground water level in the low terrain area such 

as Ratu Agung District could be another potentially 

trigger of liquefaction during the Bengkulu-Menta-

wai Earthquake as reported by Mase ([1 and 2]. The 

geophysical characteristic also derived a seismic 

vulnerability index (Kg) in the study area. Kg value in 

the study area is about 2 to 9. Those values are 

relatively consistent with the study of Choobasti et 

al. [25] showed that the minimum Kg values of the 

liquefied site in Babol City was 5, whereas on Huang 

and Tseng [26], the values of Kg varied from 2 to 14. 

The estimation of peak ground acceleration (PGA) to 

the site based on the geophysical characteristic 

shows that the PGA of Ratu Agung District during 

the Bengkulu-Mentawai earthquake has exceeded 

the minimum required PGA to trigger liquefaction, 

i.e. 0.1g [27]. In addition, as mentioned in Figure 2, 

the magnitude of the 2007 Bengkulu-Mentawai 

earthquake, i.e. 8.6 Mw has also fulfilled the mini-

mum required PGA to trigger liquefaction. There-

fore, the liquefaction during the Bengkulu-Mentawai 

Earthquake could happen in the study area. The 

ground shear strain estimation based on geophysical 

information and earthquake characteristic have 

shown that the crack settlement in the location can 

be mostly found during the earthquake. Hausler and 

Anderson [8] also reported that the crack settlement 

happened during the Bengkulu-Mentawai Earth-

quake. Those cracks could be a path during excess 

pore pressure built up and initiate the sand boiling 

in the study area. Those similar phenomena are also 

found by several researchers who observed the sand 

boiling initiated by the crack settlement as Soralump 

and Feungaugsorn [27] and Lukkunaprasit et al. 

[28] during the Tarlay Earthquake in the border of 

Thailand-Myanmar and the Mae Lao Earthquake in 

Chiang Rai, Northern Thailand. In general, the 

results of this study have led the recommendation to 

reconsider the possible earthquake impact in the 

future as well as a recommendation for the develop-

ment of spatial plan for Ratu Agung District in 

particular and for Bengkulu City in general. 
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