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ABSTRACT Bengkulu City is one of the areas vulnerable to earthquakes in Indonesia and several studies have shown the city experienced a 
unique phenomenon called liquefaction during the Mw 8.6 Bengkulu-Mentawai Earthquake. This event has initiated a step by step intensive study 
on earthquake in the area but previous studies are generally limited by the use of site investigation data to empirically analyse liquefaction potential 
and those that used advance method such as the seismic wave propagation model are rare. This means the level of liquefaction damage in the 
study area is not totally understood, therefore, this research focused on implementing the ground response analysis to quantify the Liquefaction 
Potential Index (LPI) using several areas in Bengkulu City in order to determine their vulnerability. The process involved the collection of several 
site investigation data including boring log and shear wave velocity profile as well as a desk study to determine the geological condition of the 
observed sites. Moreover, a non-linear seismic ground response analysis was conducted to obtain maximum ground surface acceleration (amax) 
parameter which was further used to analyse the liquefaction potential in the study area. The results showed several sites have the potential to 
experience liquefaction during earthquakes. The method applied was considered successful and the results are expected to be implemented for 
city development. Furthermore, the framework is recommended for adoption in investigating the liquefaction in other areas.  
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1 INTRODUCTION

Bengkulu City in Indonesia has been reported to 

be very vulnerable to earthquake and this 

associated with several tectonic sources such as 

Sumatra Subduction, Sumatra Fault, and 

Mentawai Fault surrounding the area (Mase, 

2020a). Moreover, Mase (2017) reported that a 

major Mw 8.6 Bengkulu-Mentawai Earthquake 

shown in Figure 1 triggered liquefaction in the 

city and this has led to several studies by some 

local researchers. 

Misliniyati et al. (2014) studied the liquefaction 

potential based on probabilistic seismic hazard 

analysis in Lempuing Subdistrict and found the 

area to be very vulnerable due to the occurrence 

of earthquakes with magnitude more than Mw 7. 

Mase and Somantri (2016) also conducted a site 

investigation along the coastal area of Bengkulu 

City and concluded that sandy soil layers along 

the coastline are vulnerable to liquefaction. 

Moreover, Mase and Somantri (2016) also 

confirmed the experimental results presented by 

Mase (2015) showing the possible vulnerability 

of the grain size distribution of marine sands in 

the city’s coastline. Mase (2018) examined the 

empirical method of liquefaction potential 

analysis conducted by Idriss and Boulanger 

(2006) and concluded that the method is 

important to the liquefaction preliminary 

analysis in Bengkulu City. Farid and Hadi (2018) 

conducted a microtremor measurement to 

obtain the geophysical characteristics of 

Bengkulu City and also showed the sediment 

materials, which are dominated by sandy soils,
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Figure 1. The seismotectonic setting of Bengkulu Province (modified Mase, 2020a) 

were liquefied during the Mw 7.9 Bengkulu-

Enggano Earthquake of 4 June 2000. 

Furthermore, Mase (2018 and 2020b) 

implemented a non-linear seismic ground 

response method to investigate soil behaviour 

along the coastal area of the city and the findings 

are generally consistent with previous studies 

which focused on liquefaction potential 

assessment based on site investigation data and 

ground response analysis. There is, however, rare 

application of non-linear ground response and 

empirical analyses combination to measure the 

liquefaction potential of the overall site. 

This study implemented non-linear ground 

response analysis to quantify the liquefaction 

potential index (LPI) (Iwasaki, 1982) without 

concentrating only on the coastline areas but 

also several sites in Bengkulu City. The analysis 

was conducted to determine the peak ground 

acceleration parameter which is usually used as 

an input in the empirical analysis of liquefaction. 

Moreover, the LPI method was used to estimate 

the liquefaction vulnerability in the study area. 

This research, therefore, intends to promote the 

combination of two liquefaction analysis 

methods in engineering practice. 

 

2 METHODS 

2.1 Study Area 

This study area includes 10 sites including SI-1 

to SI-10 which were investigated as indicated in 

Figure 2. They were selected to represent the 

geological conditions and characteristics of 

different parts of Bengkulu City. This is 

important considering the six geological 

formations found in the city which are bintunan 

formation (QTb), alluvium (Qa), reef limestone 

(QI), swamp deposits (Qs), alluvium terraces 

(Qat), and andesite (Tpan) with the Qat generally 
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Figure 2. Geologic map of Bengkulu City and locations of investigated sites (modified from Mase, 2020a and BPBD, 2018) 

found to be the dominant formation and it 

contains sand, silt, clay, and gravel (National 

Agency of Natural Hazard for Bengkulu City or 

BPBD, 2018). The information on the subsoils at 

the first 30 m depth was collected as shown in 

Figure 3 and found to be dominated by sandy 

layers. Several sites including SI-1, SI-4, SI-5, 

and SI-8 are totally dominated by sandy soils 

which are further classified as poor-graded sand 

(SP), silty sand (SM), clayey sand (SC), gravelly 

sand (SG), and well-graded sand (SW). Some thin 

clay layers were also observed on SI-2, SI-3, SI-6, 

SI-7, SI-9, and SI-10 and are also generally 

classified as high-plasticity clay (CH), low-

plasticity clay (CL), organic clay (OH), and silty 

clay (CM). In terms of soil resistance, the shear 

wave velocity (Vs) on each site was found to be 

increasing with dept and this means deeper soils 

have higher soil resistance. Moreover, the 

estimated time-averaged shear wave velocity for 

the first 30 m (Vs30) depth was discovered to be 

generally between 280 to 480 m/s. The 

investigated sites were also classified based on 

National Earthquake Hazard Reduction Program 

or NEHRP (1998) into Site Class C which 

indicates soft rock and Site Class D which means 

stiff soil. 

2.2 Research Framework 

The study started with the collection of site 

investigation data to determine several 

parameters such as physical and soil strength 

properties. Moreover, a non-linear seismic 

ground response framework proposed by 

Elgamal et al. (2006) was adopted for analysis 

while an effective stress model developed based 

on incremental plasticity was implemented to 

determine soil dynamic parameters (Elgamal et 

al. 2006). The incremental plasticity and stiffness 

change were considered during cyclic loading 

due to their significance in determining the 

permanent deformation and realistic hysteretic 

loop. Furthermore, a finite element method with 

coupled solid-fluid approach was used in 

calculating both dry and saturated strata in order 

to observe soil behaviour during  earthquakes. A 
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Figure 3. The site investigated in this stud
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phase transformation was observed in the sandy 

soils during the dynamic loading and this is due 

to the cyclic mobility required by the soil to 

undergo dilation and extension. The complex 

phenomenon was handled with non-linear 

parameters such as peak shear strain (PSS), the 

number of yield surface (NYS), dilative 

parameters (d1 and d2), contractive parameters 

(c1 and c2), and liquefaction parameter (Liq) 

which are generally obtained based on the 

recommendation from Elgamal et al. (2006) and 

introduced during the cyclic mobility. 

Meanwhile, one-dimensional non-linear ground 

response analysis has been presented by several 

researchers such as Pender et al. (2016) and Mase 

(2018) as shown in Figure 4 while the 

groundwater level was assumed to be on the 

surface to reflect the most critical condition 

(Kramer, 1996). In Figure 4, the soil profile is 

divided into elements computed based on wave 

propagation theory and the minimum size for 

each was reported by Pender et al. (2016) and 

Mase et al. (2017) to be 0.5 m. The boundary 

conditions were limited on vertical direction of 

the soil column while there is no lateral direction 

at the bottom and this led to the adoption of 

elastic half-space assumption through the 

surface, Vs, of 760 m/s which was assigned at the 

bottom of the soil column. This assumption has 

also been applied in several studies, such as 

Adampira et al. (2015) and Mase et al. (2018) to 

conduct seismic ground response analysis in 

Assaluyeh (Iran) and Chiang Rai (Thailand) 

respectively. Moreover, a ground motion 

generated based on earthquake characteristics 

proposed by Mase et al. (2019) was applied as the 

input motion as indicated in Figure 5. The 

ground motion of the Mw 8.6 Bengkulu Mentawai 

Earthquake which has been noted as the most 

significant earthquake within the last 20 years 

was reflected (Mase, 2020a). The maximum 

ground surface acceleration (amax) was also 

observed during the seismic wave propagation 

due to its ability to control the liquefaction 

potential and the estimation of its value was 

required by Mase (2019) to be accurate, 

especially for use in ground response analysis. It 

was later used to calculate the liquefaction 

potential of the study area and the groundwater 

level which was assumed at the ground surface 

was used to represent the conservative condition 

of the liquefaction (Kramer, 1996). 

 

 
Figure 4. Schematic description of the one-dimensional seismic ground response framework (Mase, 2018) 
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Figure 5. Input motion used in this study (Mase et al., 
2019) 

The empirical method of liquefaction potential 

analysis obtained based on Vs data (Andrus et al., 

2004) was used to determine the level of 

liquefaction vulnerability in the study area. First, 

the step was initiated by determining the cyclic 

stress ratio (CSR), which is a parameter reflecting 

the stress ratio produced during the earthquake 

and expressed using the Equation (1a)-(1c). 

𝐶𝑆𝑅 = 0.65 (
𝑎𝑚𝑎𝑥

𝑔
() (

𝜎𝑣

𝜎𝑣
′)

𝑑
) (1a) 

𝑟𝑑 = 1.0 − 0.00765𝑧   for 𝑧 ≤ 9.15 m (1b) 

𝑟𝑑 = 1.0 − 0.00765𝑧   for 9.15 m < 𝑧 ≤ 23 m (1c) 

where, amax is maximum ground surface 

acceleration, g is gravity acceleration, v is the 

total stress of the depth analysed, v is the initial 

effective stress of depth analysed, rd is stress 

reduction factor, and z is the depth analysed.  

The soil resistance against liquefaction is 

defined as the cyclic resistance ratio (CRR) and 

this is highly dependent on the soil strength 

properties. This means it is possible to simply 

predict the value based on the site investigation 

data. Moreover, Vs was obtained from the 

geophysical survey and used as a parameter to 

determine CRR as expressed in the Equation (2a) 

– (2f). 

𝐶𝑅𝑅 = 𝑀𝑆𝐹 {0.022(𝐾𝑎1𝑉𝑠1)2 + 2.8 (
1

𝑉𝑆1
∗ −(𝐾𝑎1𝑉𝑠1)

−

1

𝑉𝑠1
∗ )} 𝐾𝑎2 (2a) 

𝑉𝑠1 = 𝑉𝑠 (
𝑃𝑎

𝜎𝑣
′)

0.25

(
0.5

𝐾0
′)

0.125

 (2b) 

𝑀𝑆𝐹 = (
𝑀𝑤

7.5
)

−2.56

 (2c) 

𝑉𝑠1
∗ = 215 m/s    for 𝐹𝐶 ≤ 5% (2d) 

𝑉𝑠1
∗ = 215 − 0.5(𝐹𝐶 − 5)    for 5% < 𝐹𝐶 < 35% (2e) 

𝑉𝑠1
∗ = 200 m/s    for 𝐹𝐶 ≥ 35% (2f) 

where, MSF is the magnitude scaling factor, Vs1 is 

a corrected Vs, Pa is the atmospheric pressure, K0 

is the effective lateral earth pressure at rest, FC 

is fines content, Vs* is the referenced Vs based on 

fine content while Ka1 and Ka2 are the age 

correction factor with the details presented in 

Andrus and Stokoe (2000) and Andrus et al. 

(2004). 

The factor of safety against liquefaction (FS) was 

generated after the two controlling factors of 

liquefaction which are CSR and CRR have been 

obtained. The FS reflects the stability of the soil 

under dynamic force generated by earthquake 

such that FS < 1 means the possibility of 

liquefaction while FS  1 means it is unlikely to 

happen based on the Equation (3). 

𝐹𝑆 =
𝐶𝑅𝑅

𝐶𝑆𝑅
 (3) 

Iwasaki et al. (1982) proposed a method called 

liquefaction potential index (LPI) which is 

derived from the FS obtained from the empirical 

equation based on site investigation data. The 

LPI was also used as a parameter to determine 

the level of liquefaction vulnerability on a site 

which was reported by Iwasaki et al. (1982) to 

generally occur up to the 20 m depth. This depth 

was, therefore, considered as the maximum in 

LPI calculation using Equation(4a) – (4c). 

𝐿𝑃𝐼 = ∫ 𝐹𝑤
20

0
(𝑧) 𝑑𝑧 (4a) 

𝐹 = 1 − 𝐹𝑆   for 𝐹𝑆 < 1 (4b) 

𝐹 = 0   for 𝐹𝑆 ≥  1 (4c) 

𝑤(𝑧) = 10 − 0.5𝑧   for 0 ≤  𝑧 < 20 (4b) 

𝑤(𝑧) = 0   for 𝑧 ≥  20 (4c) 

where, LPI is the liquefaction potential index, F 

is the weighting factor for FS, w(z) is a weighting 

factor for depth and z is the analysed depth. The 

range of liquefaction vulnerability on each site 

was, therefore, based on the LPI method 

presented in Table 1.  
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Table 1. Liquefaction Potential Index (LPI) range (Iwasaki 
et al., 1982) 

No LPI Ranges Classifications 

1 LPI = 0 Very Low 

2 0 < LPI  5 Low 

3 5 < LPI  15 High 

4 LPI >15 Very High 

 

3 RESULTS AND DISCUSSION 

The acceleration profile obtained from one-

dimensional seismic ground response analysis is 

presented in Figure 6. Meanwhile, the input 

motion shown in Figure 5 was applied at the 

bottom once the simulation was performed as 

elaborated in Section 2 after which the amax 

parameter was obtained from the ground 

response analysis and further used for 

liquefaction potential analysis. Figure 6 shows 

the maximum acceleration is estimated at 0.9g as 

indicated at a depth of 4 m for SI-3 while the 

minimum was 0.04g at the ground surface of SI-

4 and the average maximum acceleration at the 

ground surface found to be approximately 

0.314g. Moreover, the input motion applied at 

the bottom of the investigated site generally 

tends to undergo amplification and 

deamplification at the ground surface. 

Furthermore, amax was used as the parameter 

input to calculate the liquefaction potential 

analysis.  

Figure 7 shows the liquefaction potential 

analysis on each investigated site and, based on 

the elaboration from the previous section, 

Iwasaki et al. (1982) and Kramer (1996) reported 

the liquefaction was generally found up to 20 m 

depth. Therefore, the interpretation of the FS 

against liquefaction versus depth was presented 

up to 20 m with the threshold i.e. FS = 1 indicated 

by a dashed line in Figure 7. In general, FS < 1 was 

reported for several sites such as SI-1, SI-3, SI-4, 

SI-5, SI-6, SI-8, and SI-10 and this means they 

are susceptible to liquefaction during a large 

earthquake in Bengkulu City. Meanwhile, others 

such as SI-2, SI-7, and SI- have values larger than 

1 and this means there is no likelihood of 

liquefaction during a large earthquake. 

Moreover, the site investigation data showed 

several soil layers dominated by poorly graded 

sand (SP), silty sand (SM), and clayey sand (SC) 

were relatively vulnerable to liquefaction during 

the Bengkulu-Mentawai Earthquake in 2007 

while those with high soil resistance (Vs) were 

relatively safe. The existence of clay layers in 

some of the sites such as SI-7, SI-9 tends to 

decrease the liquefaction potential due to the 

fact that clay layers have generally low 

permeability and this means there is no 

significant excess pore water pressure building 

up during seismic wave propagation. 

 
Figure 6. Maximum acceleration profile obtained from one-
dimensional seismic ground response analysis. .
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Figure 7. FS against liquefaction versus depth 

Figure 8 shows the weighting factor with due 

consideration for the FS and depth analysed to 

determine the liquefaction potential index 

(Fw(z)) in the study area. The value was, however, 

obtained by multiplying F with w(z). Similar with 

FS interpretation, the weighting factor 

corresponding to depth was found to be up to 20 

m depth and Figure 8 shows depth with low FS 

tends to have smaller Fw(z) as observed in SI-3, 

SI-5, SI-6, SI-8 and SI-10. These areas are simply 

predicted to be more vulnerable to liquefaction 

during a large earthquake. 

Figure 8 and Table 2 show the LPI values 

obtained from the weighting factor analysis and 

the SI-1, SI-2, SI-4, SI-7 and SI-9 are categorised 

to have very low vulnerability for liquefaction. 

Those in SI-1 are located at Muara Bangkahulu, 

Sungai Serut, Gading Cempaka, and Ratu Agung 

Districts and observed to be dominated by 

swamp deposits, bintunan, and alluvium terraces 

formations. Table 2 also shows the amax values to 

be 0.08g to 0.62g in line with geological 

condition presented in Figure SI-2 with the areas 

observed to be dominated by sediment materials 

such as clays and sands while the Vs profiles of 

their layers are relatively larger. This indicates a 

larger soil resistance which makes it possible to 

control cyclic mobility produced during seismic 

wave propagation using cyclic resistance 

provided by soil properties. Some areas such as 

SI-3, SI-8, SI-5, SI-6 and SI-10 were categorised 

to have high to very high vulnerability and they 

are observed to be at Selebar, Singaran Pati, 

Kampung Melayu, and Teluk Segara Districts 

which are dominated by Tpan, Qa, QI, and Qat. 

The results also showed the amax values at sites 

with high to very high susceptibility to 

liquefaction varied from 0.24g to 0.61g while 

those in those with very low to low susceptibility 

were found to be higher than 0.1g. Kramer (1996) 

and Day (2002), however, reported the possibility 

of liquefaction at sites with a minimum amax of 

0.1g and the results also roughly estimated that 

amax is not the main governing factor for 

liquefaction but soil strength, represented by Vs 

value, was considered to be very significant.  
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Figure 8.  Weighting analysis of LPI 

Table 2. Summary of LPI values and their categories 

Sites No Sub-Districts Geologic Formation amax LPI Values Vulnerability Categories 

SI-1 Muara Bangkahulu Qs 0.11 2.08 Low 

SI-2 Sungai Serut QTb 0.08 0.00 Very Low 

SI-3 Selebar Tpan 0.44 39.84 Very High 

SI-4 Kampung Melayu Qat 0.24 1.94 Very Low 

SI-5 Kampung Melayu QI 0.31 15.26 Very High 

SI-6 Selebar Qat 0.35 39.35 Very High 

SI-7 Gading Cempaka Qat 0.14 0.00 Very Low 

SI-8 Singaran Pati Qa 0.61 11.98 High 

SI-9 Ratu Agung Qat 0.62 0.00 Very Low 

SI-10 Teluk Segara Qat 0.24 14.65 High 

 

Therefore, there is a need for a comprehensive 

understanding of subsoils characteristic to 

determine the liquefaction potential in Bengkulu 

City which is one of the areas with the prospect 

for gradual development in the country. This 

means the findings related to the site 

characteristic presented in this study can be used 

as a preliminary judgement in measuring 

liquefaction potential in Bengkulu City. 

The framework used in this study involves the 

combination of both numerical and empirical 

analyses which were generally implemented to 

predict liquefaction potential in the study area in 

order to identify those with low to very high 

susceptibility. Farid and Mase (2020) showed the 

seismic hazard should be considered and 

mitigation efforts implemented in the policy to 

develop Bengkulu City as one of the tourist 
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destinations in Indonesia. The earthquakes were, 

however, found to be the main issue (Mase, 

2020a) and this means their liquefaction effect 

needs to be determined and the results of this 

study showed the possibility of its occurrence at 

shallow depth during the earthquake. This is a 

clue to be considered by local engineers, 

especially in designing the sub-structures such as 

the foundation and the need to intensively 

improve the soil for liquefiable layers using a 

method focused on increasing the soil strength. 

Finally, the results are also expected to lead to 

other studies with a focus on reducing the 

liquefaction effect on the structures.  

4 CONCLUSION 

This research showed the effect of implementing 

ground response analysis to quantify the 

liquefaction potential in Bengkulu City using 10 

sites to represent sub-districts and geological 

formations. The framework used was successfully 

applied to determine the liquefaction 

vulnerability level in the study area and several 

variations were observed. The sites with high soil 

resistance were found to have relatively low 

vulnerability while those with low soil resistance 

have more vulnerability. This means those 

located in the western part of Bengkulu City or 

coastline area tend to be more susceptible due to 

the presence of more loose sandy soils. The 

results also showed the possibility of the peak 

ground acceleration not being the main factor 

controlling liquefaction but the subsoils 

characteristics and this means there is a need to 

focus more effort on this factor. The study further 

recommends that local engineers consider the 

impact of liquefaction in the study area, 

especially for the development of structures in 

the future. The authors also suggested the 

implementation of the framework used in this 

study to investigate the liquefaction in other 

areas. 
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