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Abstract  This work presents an application of a 
simplified energy concept for predicting liquefaction 
potential based on data collected during the Mw 8.6 
Bengkulu-Mentawai Earthquake in Bengkulu, City, 
Indonesia. A total of 38 sites are investigated through 
seismic data and soil characteristics. One dimen-
sional seismic response analysis is then conducted to 
determine the peak ground acceleration within each 
soil layer of the study area. From the peak ground 
acceleration values, kinetic velocity values are gen-
erated. The maximum kinetic energy density due to 
earthquake shaking is determined using the simplified 
energy concept. The Empirical analysis is employed 
to predict liquefaction potential. The empirical analy-
sis results are then correlated to kinetic energy density 
to generate equations that estimate liquefaction poten-
tial in Bengkulu City. Results show that a simplified 

energy concept can be used to estimate liquefaction 
potential. The performance of the proposed equations 
is generally consistent with documented liquefaction 
cases from around the world, and thus the framework 
implemented in this study can be adopted to calculate 
liquefaction potentials in other areas worldwide.

Keywords  Bengkulu city · Earthquake · 
Liquefaction · Simplified energy · Seismic ground 
response

1  Introduction

Earthquakes can occur due to several tectonic activi-
ties (Dong and Luo 2022). Earthquake mechanisms 
and effects had been intensively discussed in Geo-
sciences, Seismology, and Engineering (Dong and 
Luo 2022; Mase 2021; Mase et  al. 2022b). Beng-
kulu City is an earthquake-prone area in Indonesia 
(Mase 2020). Two large earthquakes have occurred in 
Bengkulu City (Mase 2018a): the Mw 7.9 Bengkulu-
Enggano Earthquake in 2000 (Farid and Mase 2020), 
and the Mw 8.6 Bengkulu-Mentawai Earthquake in 
2007 (Mase 2021). The Mw 8.6 Bengkulu–Menta-
wai Earthquake in 2007 had also triggered structural 
damage, such as buildings collapse, infrastructure 
damage, and public and private facilities damage 
(Hausler and Anderson 2007). Hausler and Anderson 
(2007) also recorded that the earthquake also trig-
gered liquefaction in Bengkulu City. Mase (2017) and 
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Misliniyati et  al. (2018) reported various evidence 
of liquefaction such as sand boils and lateral spreads 
found along the coastline of Bengkulu, especially 
during the Mw 8.6 Bengkulu-Mentawai Earthquake 
in 2007. Several liquefaction cases from other areas 
during large earthquakes are also reported by sev-
eral researchers, such as Sukkarak et  al. (2021) dur-
ing the Tarlay Earthquake on the border of Thailand-
Myanmar in 2011, Mase et  al. (2021a) during the 
Yogyakarta Earthquake in Indonesia in 2006, Mase 
et  al. (2022b) during the Kobe Earthquake in Japan 
in 1995, and Kusumawardani et al. (2021) during the 
Palu Earthquake in Indonesia in 2018. Therefore, liq-
uefaction during earthquakes is still becoming a hot 
issue for many researchers of Geotechnical Earth-
quake Engineering.

Studies about soil liquefaction and earthquake in 
Bengkulu City are studied in Bengkulu City. Studies 
conducted by Mase (2017), Mase (2018a), Misliniyati 
et  al. (2018), and Farid and Mase (2020), achieved 
two main results, i.e., applying field test data and 
using seismic ground response analysis to depict soil 
behaviour during earthquakes could be used for esti-
mation liquefaction potential and earthquake impact. 
However, the study focused on the development of 
simple charts for engineering practice to predict liq-
uefaction potential in Bengkulu City is still limited. 
Meanwhile, the prediction of liquefaction potential 
considering site investigation data and numerical 
analyses is still limited (Mase et al. 2022a).

Prediction of liquefaction potential has been devel-
oped by several researchers. Several liquefaction pre-
dictions reflected by the simplified procedure con-
sidering site investigation data had been proposed by 
Robertson and Wride (1998), Andrus et  al. (2004), 
Boulanger and Idriss (2014), and Mase et al. (2020a, 
b). Generally, those studies estimate cyclic resistance 
ratio and cyclic stress ratio as determining the fac-
tor of safety (FS) which is used as a governing factor 
of liquefaction potential. Jafarian et  al. (2012) men-
tioned that the prediction of cyclic resistance ratio 
for liquefiable soils and simplified liquefaction anal-
ysis could be also an alternative for seismic design. 
However, there has been an absence of determining 
liquefaction potential based on kinetic energy density 
combined with seismic ground response analysis.

Advances in energy-based liquefaction potential 
analysis have been presented by several research-
ers. Initially, Nemat-Nasser and Shokooh (1979) 

introduced the energy-based approach as an alterna-
tive method to predict liquefaction potential. Then, 
Berrill and Davis (1985), Figueroa et  al. (1994), 
Kayen and Mitchell (1997), Green and Mitchell 
(2004), Jafarian et  al. (2012), Kokusho (2013), and 
Azeiteiro et  al. (2017) progressively and intensively 
developed the energy-based liquefaction prediction 
approach. Generally, the energy-based approach is 
based on the direct correlation between energy dissi-
pation per unit volume and pore water pressure dur-
ing cyclic loading (Sonmezer 2019). Jafarian et  al. 
(2008) and Jafarian et  al. (2013) determined that 
kinetic energy can be used as a parameter to estimate 
liquefaction potential. Amini and Noorzad (2018) 
stated that the use of the energy-based approach is 
reasonable since the energy of liquefaction is strongly 
dependent on the applied shear stress and shear strain. 
Besides, the implementation of non-linear ground 
response analysis had been developed in many areas 
related to earthquake and liquefaction effects. Kundu 
et al (2021) studied site characterization and liquefac-
tion potential of soils in Northern India. Kundu et al. 
(2021) also mentioned that based on experimental and 
numerical analysis, the studied excess pore pressure 
ratio on the studied site indicates liquefaction. Naik 
et  al. (2022) also mentioned that non-linear ground 
response analysis had been successfully implemented 
to observe ground response and liquefaction potential 
in Himalayan Frontal Thrust. Generally, the imple-
mentation of ground response analysis is addressed 
to observe soil behaviour that indicates liquefaction, 
such as excess pore water pressure. Meanwhile, the 
further use of ground response such as layer accel-
eration due to ground response analysis to predict 
energy density to trigger liquefaction is still limited to 
perform. As such, the energy-based model is gener-
ally developed from experimental studies (Sonmezer 
2019), but it has rarely been implemented in combi-
nation with non-linear site response analysis. There-
fore, it is important to show the correlation between 
ground-response analysis and energy-based model for 
liquefaction prediction.

Seismic ground response analysis combined with 
a simplified energy concept for predicting liquefac-
tion is still rarely performed. This study presents the 
application of a simplified energy concept for lique-
faction prediction, in Indonesia based on the earth-
quake event of the Bengkulu Mentawai Earthquake 
in 2007 (Mw 8.6). First, non-linear ground response 
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analysis (1D NSRA) is employed to obtain the ground 
motion parameters of soil layers. Acceleration from 
1D NSRA is used to estimate the maximum kinetic 
energy density (MKED). Besides, a semi-empirical 
procedure analysis based on site investigation data 
is first performed to obtain a factor of safety against 
liquefaction (FS). The correlations between MKED, 
soil resistance, and FS are generated. The models are 
addressed for determining the liquefaction vulnerabil-
ity model for engineering practice. The results of this 
study will be useful for the Indonesian government in 
their efforts to plan against liquefaction disasters on 
residential and general infrastructures in Bengkulu 
City and other neighbour cities.

2 � Seismotectonic Settings and Geological 
Condition of Bengkulu City

The seismotectonic settings of Bengkulu City are 
illustrated in Fig.  1. Bengkulu City, the capital of 
Bengkulu Province, is known to be an area of high 
earthquake risk in Indonesia (Misliniyati et al. 2018). 

Bengkulu City is located on the west coast of Sumatra 
Island, which is also known as a tectonically active 
region (Fig. 1). Mase (2020) explained that Bengkulu 
Province is located near the subduction zone between 
the Indo-Australian plate and the Eurasian plate. The 
movement generated by the collision of these two 
plates creates the formation of active faults in the 
western part of Sumatra, i.e., both Semangko and 
Mentawai Faults (McCaffrey 2009; Natawidjaja and 
Triyoso 2007). Some moderate to strong earthquakes 
such as the Liwa Earthquake in 1996 (Widiwijayanti 
et  al. 1996); the Bengkulu-Mentawai Earthquake in 
2007 (Mase 2021), and the Padang Earthquake in 
2009 (Wiseman et al. 2012) occurred due to tectonic 
activity in this tectonic region. For Bengkulu City, the 
Bengkulu-Mentawai Earthquake in 2007 triggered 
liquefaction in Bengkulu City, as shown in Fig. 2.

The geological map of Bengkulu City is shown in 
Fig. 3. There are several geological formations found 
in Bengkulu City, i.e., Bintunan Formation (QTb), 
Alluvium (Qa), Reef Limestone (Ql), Alluvium Ter-
races (Qat), Swamp Deposits (Qs), and Andesite 
(Tpan) (Natural Disaster Agency 2018). In terms of 

Fig. 1   Seismotectonic set-
ting of Bengkulu Province 
(Modified from Mase 2020)
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topographical condition, Bengkulu City can be cat-
egorized into three areas, i.e., low terrain, high ter-
rain, and coastal area. In the low terrain and coastal 
areas (the western part of Bengkulu City), Qat is gen-
erally found and dominated by several materials, such 
as sand, silt, clay, and gravel. For the coastal area, a 
small zone of Ql is also found. The high terrain area 
(eastern part) of Bengkulu City is composed of Tpan, 
Qs, QTb, and Qa; these formations are generally 

dominated by high-density sediment and rocks (Mase 
2020; Farid and Mase 2020, base 2020). In line with 
liquefaction in Bengkulu City, Mase (2020, b, 2017) 
and Farid and Mase (2020) mentioned that Qat forma-
tion is relatively more to undergo liquefaction, espe-
cially if the formation is located at basin area with 
shallow groundwater level. Yilmaz et  al. (2008) and 
Sana and Nath (2016) also mentioned that areas such 
as Beydag (Turkey) and Kashmir valley (Himalaya) 

Fig. 2   Liquefaction evi-
dence found during the Mw 
8.6 Bengkulu-Mentawai 
Earthquake in 2007 (Hau-
sler and Anderson 2007) 
a large settlement, b sand 
boils manifestation and 
crack on continuous footing
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dominated by alluvium composed by sandy soils are 
relatively having high liquefaction potential.

The layout of the site investigation used in this 
study is also presented in Fig.  3. The site investiga-
tion involved collecting data on soil profile and resist-
ance, as well as the shear wave velocity (Vs) from 38 
sites. Soil resistances on penetration value and shear 
wave velocity profile are collected from cone penetra-
tion test (CPT) and Multi-Channel Analysis of Sur-
face Waves (MASW) test. The use of CPT has some 
advantages in geotechnical engineering practice. The 
cone penetration test gives a continuous record of the 
penetration resistance with depth and it is less suscep-
tible to operator error than the standard penetration 
test (Rezania et al. 2010). Liquefaction methods based 
on the CPT have the advantage of continuous, repeat-
able measurements but require corrections based on 
soil characteristics that can be significant in soils with 
high fine content). Liquefaction methods base on 
shear wave velocity have the advantage that they are 
essentially independent of soil characteristics, such 
as fines content, but often lack the stratigraphic detail 
obtained using the CPT (Robertson 2015). Therefore, 

the combination of those two methods can be resulted 
a better prediction for liquefaction potential.

Some of the soil-layer interpretation results at the 
investigation sites are shown in Fig.  4 (these exam-
ples reflect the subsoil conditions in several parts of 
Bengkulu City). S-7, composed of Qa formation, is 
located in flood-prone areas. S-23 is located in the 
Qat-composed area, while S-26 is located in the Qs-
composed area. S-30, S-32, and S-37 are located in 
Tpan, QTb, and Ql formations, respectively.

Sites S-23, S-30, and S-37 are mainly composed 
of sandy soil. At these sites, we found sandy soils 
classified as poor-graded sand (SP), silty sand (SM), 
clayey sand, and well-graded sand (SW). In terms of 
soil resistance, the cone resistances (qc) of these sites 
have an average value of about 6 to 12  MPa. Also, 
the time-averaged shear wave velocity for the first 
30  m depth (Vs30) was observed to vary from 250 
to 375  m/s. Therefore, these sites are classified into 
Site Class D based on National Earthquake Hazard 
Reduction Provision (NEHRP) (1998). At sites S-7, 
S-26, and S-32, thin clay layers inserted in dominant 
sandy soils were found. In general, these sites have 

Fig. 3   Geological map 
of Bengkulu City (Modi-
fied from Natural Disaster 
Agency of Bengkulu Prov-
ince 2018; Mase 2020)
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an average qc value of about 5 to 20 MPa, and their 
Vs30 values vary from 396 to 745 m/s. The recapitu-
lation of Vs30, Vs range, and site class is compiled in 

Table 1. Therefore, these sites are classified into Site 
Classes C. From the site investigation results, it was 
found that, in general, Bengkulu City is dominated 

Fig. 4   Examples of site 
investigation data in the 
study area: a S-7, b S-23, 
c S-26, d S-30, e S-32, and 
f S-37
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by granular soils with inserted cohesive soils among 
sand layers. Mase et al. (2021b) and Mase (2022) also 
mentioned that Bengkulu City is generally dominated 
by sandy soils. In their studies, Mase et  al. (2021b) 
and Mase (2022) also presented that there are two 

main site classes in Bengkulu City, i.e., Site Classes 
C and D. Therefore, the results of the site investiga-
tion conducted in this study are generally consistent 
with previous studies. Sites with thick sand layers and 
low soil resistance tend to have liquefaction potential, 

Table 1   Recapitulation of Vs range, Vs30 and site class for first 30 m depth

No Sites code Location Districts Vs range (m/s) Vs30 (m/s) Site class

Latitude (°) Longitude (°)

1 S-1 −3.758 102.259 Muara Bangkahulu 256–363 355 D
2 S-2 −3.743 102.252 Muara Bangkahulu 304–451 352 D
3 S-3 −3.780 102.262 Muara Bangkahulu 241–299 298 D
4 S-4 −3.759 102.277 Muara Bangkahulu 286–430 402 C
5 S-5 −3.766 102.271 Muara Bangkahulu 151–373 331 D
6 S-6 −3.753 102.271 Muara Bangkahulu 267–357 352 D
7 S-7 −3.778 102.283 Muara Bangkahulu 181–375 350 D
8 S-8 −3.751 102.292 Muara Bangkahulu 227 -302 299 D
9 S-9 −3.768 102.291 Muara Bangkahulu 180–375 350 D
10 S-10 −3.784 102.260 Teluk Segara 244–329 328 D
11 S-11 −3.789 102.250 Teluk Segara 154–326 291 D
12 S-12 −3.798 102.253 Teluk Segara 223–355 342 D
13 S-13 −3.796 102.251 Teluk Segara 161–332 305 D
14 S-14 −3.798 102.255 Teluk Segara 163–286 270 D
15 S-15 −3.791 102.250 Teluk Segara 247–295 277 D
16 S-16 −3.809 102.265 Ratu Samban 273–292 286 D
17 S-17 −3.811 102.267 Ratu Samban 202–299 298 D
18 S-18 −3.816 102.273 Ratu Samban 140–323 297 D
19 S-19 −3.799 102.263 Ratu Samban 149–322 314 D
20 S-20 −3.818 102.276 Ratu Agung 229–324 324 D
21 S-21 −3.837 102.295 Ratu Agung 199–463 373 C
22 S-22 −3.852 102.305 Ratu Agung 99–298 254 D
23 S-23 −3.797 102.283 Ratu Agung 114–338 295 D
24 S-24 −3.818 102.285 Ratu Agung 170–469 387 C
25 S-25 −3.782 102.293 Sungai Serut 239–509 476 C
26 S-26 −3.790 102.326 Sungai Serut 197–456 394 C
27 S-27 −3.816 102.288 Singaran Pati 159–283 235 D
28 S-28 −3.821 102.309 Gading Cempaka 127–392 364 C
29 S-29 −3.868 102.319 Selebar 205–371 356 D
30 S-30 −3.850 102.350 Selebar 126–572 437 C
31 S-31 −3.837 102.322 Selebar 166–351 334 D
32 S-32 −3.880 102.353 Selebar 234–645 458 C
33 S-33 −3.890 102.322 Kampung Melayu 160–398 392 C
34 S-34 −3.915 102.308 Kampung Melayu 308–406 437 C
35 S-35 −3.930 102.287 Kampung Melayu 277–899 507 C
36 S-36 −3.938 102.284 Kampung Melayu 181–477 434 C
37 S-37 −3.938 102.289 Kampung Melayu 277–773 606 C
38 S-38 −3.930 102.304 Kampung Melayu 178–580 467 C
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thus the site investigation results confirm the area’s 
liquefaction potential. Vs less than 150 m/s also indi-
cates medium to low-density soils which translate to 
layers that are prone to liquefaction.

3 � Theory and Method

3.1 � Non‑Linear Seismic Wave Propagation

The non-linear effective stress model proposed by 
Elgamal et al. (2006) is a frequently used one-dimen-
sional non-linear seismic ground response analysis 
(1D NSRA) method. 1D NSRA method implemented 
in this study is addressed to results in ground motion 
parameters, such as peak ground acceleration for each 
layer that is used for the semi-empirical analysis of 
liquefaction potential and the maximum energy den-
sity analysis. Misliniyati et al. (2019) showed that this 
method can obtain results that are relatively consistent 
with field evidence found during strong earthquakes; 
therefore, it can be simply noted that this method has 
previously been reasonably implemented. An over-
view of the procedures to model seismic wave prop-
agation was provided by Mase et  al. (2018) within 
the context of the 2011 Tarlay earthquake at the 
Thailand-Myanmar border. First, earthquake waves 
propagate from the bedrock surface and pass through 
each soil layer; and although the boundary conditions 
in 1D modelling are limited to the vertical direction, 
displacement is still allowed in both the vertical and 
horizontal bearings. Once the waves propagate, soil 
behaviour can be interpreted as several relationships, 
such as ground-motion time history, frequency con-
tent, or hysteresis loops. According to Mase (2020), 

the depth of engineering bedrock in Bengkulu City 
is generally found at 30  m depth. Therefore, in this 
study, the input motion is first applied at the bottom 
of the soil layer at 30 m depth.

During the Bengkulu Mentawai Earthquake 
in 2007, there was no actual ground motion was 
recorded. Therefore, for engineering practice and 
hazard prediction, synthetic ground motions were 
generated to generate representative ground motions 
in the study area during the earthquake. Mase 
(2018a) mentioned that several ground motions 
records can be used as representative ground 
motions for engineering purposes in Bengkulu City; 
they are the motions of Loma Prieta, Imperial Val-
ley, Kobe, Northridge, and Chichi. According to 
Mase (2018a), these motions were selected since 
they consider seismicity factors such as the source 
mechanism, site area, maximum earthquake magni-
tude, and so on, which are relevant to Bengkulu City 
as presented in Table  2. Elsewhere, the develop-
ment of the local spectral design proposed by Mase 
and Somantri (2016) suggested an updated proce-
dure for earthquake resistance designs in Bengkulu 
City. In this study, the ground motion for the input 
motion is generated based on a spectral matching 
method (Hancock et  al. 2006). The ground motion 
used in this study is based on Mase and Somantri 
(2016) who developed the local spectral response 
for Bengkulu City based on geological conditions, 
site characteristics, and earthquake mechanisms. 
From this local spectral response in Bengkulu 
City, the spectral matching method from Hancock 
et  al. (2006) is implemented to generate artificial 
ground motion. In this study, the spectral accelera-
tion of the Loma Prieta Earthquake motion is used 
as the matching spectral acceleration based on the 

Table 2   Summary of relevant earthquake characteristics to Bengkulu City based on Mase (2018a)

Date of event Earthquake name Location Tectonic condition Site class Earthquake 
magnitude 
(Mw)

Maximum 
modified Mercalli 
Intensity

October 17, 1989 Loma Prieta USA Active tectonic region D 6.9 X
October 15, 1979 Imperial Valley USA Active tectonic region D 6.5 IX
January 17, 1995 Kobe Japan Active tectonic region D 6.9 XI
January 17, 1995 Northridge USA Active tectonic region D 6.7 IX
September 21, 1999 Chichi Taiwan Active tectonic region D 7.7 X
September 12, 2007 Bengkulu-Mentawai Indonesia Active tectonic region D 8.6 IX
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recommendation from Mase (2018a). Mase (2018a) 
mentioned that the Loma Prieta motion tends to 
result in the highest amplification among all the 
suggested representative ground motions. Several 
studies conducted by Bowden and Tsai (2017), Li 
et  al. (2019), Likitlersuang et  al. (2020), Sukkarak 
et al. (2021) and Mase et al. (2021c) have explained 
that the effect of ground motion amplification can 
result in strong surface damage. Therefore, it is 
reasonable to use the motion of the Loma Prieta 
Earthquake in this study. After matching ground 
motion, the artificial spectral acceleration processed 
by the spectral matching method is generated, as 
shown in Fig.  5. It can be seen that the maximum 
peak ground acceleration (PGA) was about 0.369 g. 

Based on Kramer (1996), a minimum PGA of 0.1 g 
is required to trigger liquefaction. de Magistris et al. 
(2013) mentioned that PGA of 0.09 g could be set 
up as a rational approach for liquefaction thresh-
old. However, this value is very close to the recom-
mendation suggested by National Research Coun-
cil (NRC 1985). Zhu et  al. (2017) also mentioned 
liquefaction occurrences were consistent with PGA 
of more than 0.1 g. Therefore, Rashidian and Baise 
(2020) suggested that PGA of 0.1  g is relevant as 
liquefaction threshold. The comparison of ground 
motion parameters between the original motion and 
input motion is shown in Table 3. The input motion 
is propagated starting from the bottom of the inves-
tigated site. Furthermore, several results, such as 

Fig. 5   Spectral matching 
results to generate input 
motion for seismic ground 
response (Raw data from 
Mase and Somantri 2016) a 
spectral acceleration com-
parison and b comparison 
of matched motion and 
input motion
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peak ground acceleration profile, excess pore pres-
sure profile, and frequency content are collected.

3.2 � Simplified Energy Concept

Jafarian et  al. (2008, 2012, 2013) developed a new 
approach to determine liquefaction potential based on 
simplified kinetic energy density and originally based 
on the vmax/amax ratio proposed by McGuire (1978). 
Jafarian et  al. (2008) first formulated the simplified 
kinetic energy density as shown in Eq. (1).

where MKED is maximum kinetic energy density, m 
is soil mass, and vmax,liq is maximum ground motion 
velocity to trigger liquefaction.

In Eq.  1, Jafarian et  al. (2008) suggested the for-
mulation of the vmax/amax ratio for soil sites, from 

(1)MKED =
1

2
mv2

max,liq

McGuire (1978) as the main parameter in determining 
maximum kinetic energy density. However, Jafarian 
et  al. (2008) mentioned that a more accurate evalu-
ation of the vmax/amax ratio may improve the perfor-
mance of the model. Therefore, Jafarian et al. (2010) 
proposed new formulations to estimate the vmax/amax, 
as expressed in Eq. 2,

where, Mw, Rclstd, Vs30, and σ are moment magnitude, 
closest distance from the site to the rupture area of 
fault (in km), time-averaged shear wave velocity for 
the first 30 m depth, and the total standard deviation 
of the equation (σ = 0.0643), respectively. NS, SS, and 
RS are the binary variables for normal, strike-slip, 
and reverse mechanisms, all of which have values 
between 0 and 1. Jafarian et al. (2010) also introduced 
fitting parameters related to earthquake magnitude; 
these are the normal (fN), strike-slip (fS), and reverse 
(fR) mechanisms, respectively.

where rd is the depth reduction factor, z is the ana-
lysed depth, PGA is the peak ground acceleration at 
the ground surface, and PGV is peak ground velocity 
at the ground surface.

MKED is a parameter that reflects the energy trans-
fer experienced by soil layers during seismic wave 
propagation under the maximum motion parameters. 
Jafarian et al. (2008, 2010, 2012, 2013) stated that the 

(2a)

v
max

a
max

=

⎡⎢⎢⎢⎢⎣

ln(0.6348 × 10
−4M3

w
(1.5211Mw − lnVs30 + 0.0209Rclstd

+0.5197) + 1.005) + NSfN (Mw)

+SSfS(Mw) + RSfR(Mw) ± �

⎤⎥⎥⎥⎥⎦

(2b)f(N)(Mw) = 0.1647 × 10−2Mw(5.2019 −Mw)

(2c)
f(S)(Mw) = −0.2805 × 10−5M3

w
(M − 0.9624) + 0.0318

(2d)

f(R)(Mw) =

[
0.3059 × 10−4M3

w
(0.0201M2

w
− 0.0087Mw − 1)

(Mw − 1)

]

(3a)

vmax,liq =

⎡⎢⎢⎢⎣

ln(0.6348 × 10−4M3
w
(1.5211Mw − lnVs30

+0.0209Rclstd + 0.5197) + 1.005)+

NSfN(Mw) + SSfS(Mw) + RSfR(Mw) ± �

⎤⎥⎥⎥⎦
amax × rd

(3b)ln
(
rd
)
=

(
0.01034 + 0.00321

PGA

PGV

)
z

Table 3   Ground motion parameters

No Ground motion parameters Accelerograms

Original Matched

1 Maximum acceleration (g) 0.367 0.369
2 Maximum velocity (cm/s) 44.695 60.943
3 Maximum displacement (cm) 19.615 69.611
4 Vmax/amax (s) 0.124 0.168
5 Acceleration RMS (g) 0.047 0.058
6 Velocity RMS (cm/s) 6.796 12.239
7 Displacement RMS (cm) 3.467 41.058
8 Arias intensity 1.348 2.041
9 Characteristic intensity 0.064 0.087
10 Specific energy density (cm2/s) 1843.333 5977.814
11 Cumulative absolute velocity 

(cm/s)
936.569 1235.995

12 Acceleration spectrum intensity 
(g s)

0.338 0.317

13 Velocity spectrum intensity (cm) 169.786 217.965
14 Housner intensity (cm) 164.939 209.114
15 Sustained maximum acceleration 

(g)
0.301 0.327

16 Sustained maximum velocity 
(cm/s)

33.413 41.848

17 Effective design acceleration (g) 0.352 0.354
18 A95 parameter (g) 0.361 0.363
19 Predominant period (s) 0.220 0.180
20 Significant duration (s) 11.370 13.740
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kinetic energy and CSR values modelled with the cor-
rected SPT values or (N1,60) have the same tendency in 
defining either zone of liquefaction or zone of no liq-
uefaction. Therefore, this concept gives good results 
and benefits for the use of liquefaction potential based 
on seismic ground response in which the time-history 
components are considered. In line with the develop-
ment of liquefaction prediction analysis, the prediction 
of liquefaction is possible to conduct using the energy 
concept. However, this concept is still rarely used to 
analyse the liquefaction potential. Hence, we set out in 
this study to demonstrate the implementation of seismic 
ground response analysis to obtain motion parameters 
used in kinetic energy density liquefaction assessment 
based on the conditions of Bengkulu City.

3.3 � Analysis of Liquefaction Potential

On September 12, 2007, The Mw 8.6 earthquake hit 
Bengkulu City and its surrounding areas. Liquefac-
tion was found in several areas, especially along 
Bengkulu’s coastal area. Mase (2018b) conducted 
reliability studies based on several empirical lique-
faction methods, such as Seed et  al. (1985); Toki-
matsu and Yoshimi (1983); Japan Railway Associa-
tion (1996); Youd and Idriss (2001); and Idriss and 
Boulanger (2006), Boulanger and Idriss (2014), to 
determine the liquefaction potentials of coastal areas 
in Bengkulu. Mase (2018b) also compared the pre-
dictions to field evidence and found that Idriss and 
Boulanger (2006) and the extended method, i.e., Bou-
langer and Idriss (2014) presented predictions that 
best-matched field evidence and thus was the most 
suitable method to predict liquefaction during an 
earthquake in Bengkulu City.

Boulanger and Idriss (2014) analysed liquefaction 
by determining the cyclic resistance ratio (CRR​) from 
several intrinsic soil characteristics, and determining 
the cyclic stress ratio (CSR) from several external fac-
tors: CRR​ reflects the cyclic resistance provided by 
soils to counteract cyclical stress, while CSR reflects 
the cyclic stress which results from earthquake shak-
ing. These two parameters were compared as an inter-
pretation of liquefaction susceptibility reflected by a 
factor of safety or FS, as estimated by Eq. (4); FS less 
than 1 indicates that liquefaction may occur, whereas 
FS more or equal to 1 indicates that liquefaction may 
not occur.

Generally, CRR​ is derived from site investigation 
data. In this study, the formula to determine CRR​ is 
derived CPT measurements based on the following 
equation,

where, qc1Ncs is a corrected cone resistance estimated 
by these equations (Idriss and Boulanger 2006)

where, CN is an overburden correction factor, qc and 
qcN are cone resistance and normalised cone resist-
ances, Pa is atmospheric pressure (100  kPa), �′

v
 is 

effective stress, FC is fines content, and Δqc1N is the 
additional cone resistance depending on fines content.

Different from CRR​, CSR depends on external fac-
tors that may trigger soil failure during earthquake 
shaking. Therefore, CSR is derived from the stresses 
resulting from earthquake shaking. CSR is deter-
mined based on the following equations,

(4)FS =
CRR

CSR

(5)CRR = exp

[
qc1Ncs

113
+

( qc1Ncs
1000

)2

−

( qc1Ncs
140

)3

+

( qc1Ncs
137

)4

− 2.8

]

(6)qc1Ncs = qc1N + Δqc1N

(7)qc1N = CN

(
qcN

)

(8)CN =

(
Pa

��
v

)1.338−0.249(qc1Ns)
0.264

(9)qcN =
qc

Pa

(10)

Δqc1N =

(
11.9 +

qc1N

14.6

)
exp

[
1.63 −

9.7

FC + 2
−

(
15.7

FC + 2

)2
]

(11)CSR = 0.65rd
PGA

g

�v

��
v

1
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1
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�

(12)MSF = −0.058 + 6.9 exp

(
−
Mw

4

)
≤ 1.8
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�
= 1 − C

�
ln

(
�
�
v
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)
≤ 1.0
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where, rd is a depth reduction factor estimated by 
Eq. (3b), �′

v
 and �v are effective stress and total stress, 

MSF is a magnitude scaling factor estimated by 
Eq. (12) (Idriss 1999), Mw is moment magnitude, Kσ 
is an effective overburden pressure factor estimated 
by Eq. (13), Cσ is a factor for the overburden pressure 
factor, and Pa is atmospheric pressure (i.e., 100 kPa).

Post-liquefaction settlement estimation can be per-
formed in analysis of ground response (Luo et  al. 
2019). According to Yoshimine et  al. (2006) and Yi 
(2010), the prediction of post-liquefaction settlement 
can be estimated based on soil resistance and shaking 
impact. Firstly, the estimation of corrected shear wave 
velocity (Vs1) based on the model proposed by Idriss 
and Boulanger (2008) in Eq. 15,

Yi (2010) explained that the percentage of relative 
density (Dr) can be estimated using Eq. (16). Vs1 is then 
corrected to the fines content to obtain the equivalent 
clean sand value or 

(
Vs1

)
cs

(Andrus et al. 2004).

Ishihara and Yoshimine (1992) explained that there 
is relation between the volumetric strain (εv) of clean 
sand and shear strain (γmax) and Dr during post-lique-
faction reconsolidation. Yoshimine et  al. (2006) sug-
gested that εv can be estimated using Eq. 17,

where Dr and γmax are in decimal.
From Eqs. (15) to (17), the ground surface settle-

ment for one-dimensional reconsolidation is then calcu-
lated by Eq. (18). The total settlement of post-liquefac-
tion (Sv-1D) is calculated using the integration equation 
for volumetric strain and the depth interval of concern 
(Idriss and Boulanger 2008).

(14)C
�
=

1

37.3 − 8.27(qc1Ncs)
0.264

≤ 0.3

(15)Vs1 = Vs

(
Pa

��
v

)0.25

(16)Dr = 17.94

[(
Vs1

)
cs

100

]1.976

(17)�v = 1.5 exp(−2.5Dr) ⋅min
(
0.08�max

)

(18)Sv−1D =

zmax

∫
0

�v ⋅ dz

3.4 � Research Framework

Figure  6 shows the research framework imple-
mented in this study. This study is initiated by cap-
turing the issue of earthquakes in Bengkulu City, 
which is the area’s primary form of natural disas-
ter. A literature review into the earthquake back-
grounds, geological conditions, liquefaction poten-
tial analysis procedures, kinetic energy concepts, 
and seismic ground response analyses could provide 
background for the rest of the study.

Data of past earthquake events in Bengkulu City 
were collected for use, including site investigation 
data (CPT results), and shear wave velocity (Vs) 
profiles (Fig. 4). The focus will be paid to the Beng-
kulu-Mentawai Earthquake in 2007 (Mw 8.6). Mase 
(2020) stated that the Mw 8.6 Bengkulu-Mentawai 
Earthquake was the most devastating in Bengkulu 
City; therefore, it is crucial to consider this earth-
quake for seismic hazard analysis.

Data recapitulation is then performed to assist in 
the analyses which follow. In this stage, a 1D model 
for NSRA and a 1D model for semi-empirical anal-
ysis of liquefaction potential are drawn. Afterward, 
the main analyses of this study are performed. First, 
1D NSRA is performed by applying input motion 
(Fig.  5) at the bottom of investigated sites (i.e., at 
30 m depth). Mase (2020), Misliniyati et al. (2018), 
and Mase (2017) suggested that the engineer-
ing bedrock surface in Bengkulu City is generally 
found at 30  m depth and is indicated by Vs values 
of 760 m/s. The use of Vs = 760 m/s to indicate the 
engineering bedrock surface was also suggested by 
several researchers such as Adampira et al. (2015), 
Mase et  al. (2018), Misliniyati et  al. (2019), and 
Likitlersuang et al. (2020). Therefore, this assump-
tion is also implemented in this study. Several main 
results, such as acceleration profile, ground settle-
ment, and so on are presented in this study. Semi-
empirical analysis of liquefaction potential is per-
formed based on PGA obtained from 1D NSRA. 
The acceleration profile from 1D NSRA is also used 
to estimate MKED, which is then correlated with 
the results of the semi-empirical analysis to gener-
ate empirical models of liquefaction predictions. 
Liquefaction potentials based on MKED, qc, and FS 
are proposed and are presented. The performance of 
the proposed empirical models will be compared to 
previous studies to measure their reliability.
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In general, the results of this study could provide a 
better understanding of liquefaction susceptibility in 
Bengkulu City. In addition, this study also proposes 
a new analysis framework to predict liquefaction. The 
proposed models will also be available for engineer-
ing practice in investigating liquefaction potential in 
Bengkulu City.

4 � Results and Discussion

4.1 � Ground Response and Settlement Prediction

Figure 7 presents the 1D-NSRA results which include 
the maximum acceleration (amax) profile and ground 
settlement during the earthquake. Based on Fig. 7a, it 
can be seen that accelerations are relatively constant 
at 0.2 g from the bottom of investigated sites to the 
ground surface (dashed red line). Ground motions 

slightly decrease as we move from 30  m depth to 
15  m depth, then continuously increase up to the 
ground surface. As stated above, Kramer (1996) 
considers the triggering of liquefaction possible at a 
minimum PGA of 0.1 g. As such, the 1D NSRA does 
estimate that the investigated sites can undergo lique-
faction, since their amax values are, generally and on 
average, larger than 0.1 g. Several local studies per-
formed by Misliniyati et  al. (2018), Mase (2018a), 
and Mase (2020) mentioned that based on ground 
motion prediction using the model proposed by 
Idini et al. (2017), maximum acceleration during the 
Bengkulu-Mentawai Earthquake in 2007 was about 
0.217 g, thus showing consistency between the results 
of this study and previous studies.

Ground settlement results from 1D NSRA are 
also presented in Fig.  7b. During a large earth-
quake, ground failure can be indicated by settlement 
observed at the ground surface. Based on the analysis, 

Fig. 6   Research framework
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the maximum settlement was about 1.5  cm. The 
average settlement due to the earthquake was about 
0.5  cm. In general, the settlement results from 1D 
NSRA are consistent with field observations reported 
by Mase (2020) and Hausler and Anderson (2007), 
in which light to moderate settlement occurred along 
the coastal areas of Bengkulu City due to ground 
failure. Table  4 presents a recapitulation of PGA 
and maximum settlement data corresponding to the 
study area. In general, S-9 in Muara Bangkahulu Dis-
trict tended to have the maximum PGA in the study 
area (i.e., 0.428  g), while S-22 in Ratu Agung Dis-
trict had the maximum settlement of about 1.462 cm. 
Generally, the average PGA in Bengkulu City, which 
helps describe the area’s most significant earthquake 
impact, is about 0.193 g.

4.2 � Liquefaction Potential and Energy Density

The examples of liquefaction analysis result at rep-
resentative sites are presented in Fig. 8. It should be 
noted that liquefaction only occurs in sand layers. 

Therefore, in this study, clay layer FS values were 
set equal to zero. From Fig. 8, it can be seen that the 
entire analysed depth at S-23 has FS values less than 
1, indicating potential liquefaction. Several sites, such 
as S-30 and S-37, have liquefaction potential at shal-
low depths. Liquefaction is also possible in some 
thick layers of S-7, S-26, and S-32. In addition, most 
of the liquefiable layers’ ground acceleration (amax) 
generally exceeded the liquefaction threshold of 
0.1 g. In general, liquefaction in 2007 is observed the 
areas that were calculated as having high liquefaction 
potential as reported by Hausler and Anderson (2007) 
and Mase et al. (2020a, b). For example, the field evi-
dence of liquefaction presented in Fig. 2 is located at 
S12, which was confirmed as a site with high lique-
faction potential. Generally, liquefaction at the site is 
found at shallow depths from 0 to 1.5 m. Therefore, 
the sinking of the building in Fig.  2 occurred until 
1.5 m depth below the ground surface.

Figure  9 presents the FS and MKED profiles at 
investigated sites. In Fig.  9a, FS against liquefac-
tion is observed to vary from 0.197 to 5.986. In 

Fig. 7   1D-NSRA results: 
a maximum acceleration 
profile, b ground settlement

(a)                                                   (b)
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general, FS values less than one are found at shal-
low depths (Fig. 9a). Hausler and Anderson (2007) 
and Mase (2017) stated that liquefaction at a shal-
low depth can influence the performance of low-rise 
buildings. This is because the placement of low-rise 

buildings is generally at a shallow depth. As such, 
it is necessary to design foundations for low-rise 
buildings that pay attention to the effects of lique-
faction on the buildings. Farid and Mase (2020) and 
Mase et al. (2021a, b, c) also suggested that seismic 

Table 4   Recapitulation 
of maximum acceleration 
and maximum settlement at 
ground surface

No Sites code Location Districts PGA (g) Max set-
tlement 
(cm)Latitude (°) Longitude (°)

1 S-1 −3.758 102.259 Muara Bangkahulu 0.098 0.043
2 S-2 −3.743 102.252 Muara Bangkahulu 0.194 0.730
3 S-3 −3.780 102.262 Muara Bangkahulu 0.153 0.021
4 S-4 −3.759 102.277 Muara Bangkahulu 0.245 0.031
5 S-5 −3.766 102.271 Muara Bangkahulu 0.204 0.548
6 S-6 −3.753 102.271 Muara Bangkahulu 0.153 1.062
7 S-7 −3.778 102.283 Muara Bangkahulu 0.073 0.120
8 S-8 −3.751 102.292 Muara Bangkahulu 0.060 0.013
9 S-9 −3.768 102.291 Muara Bangkahulu 0.428 1.150
10 S-10 −3.784 102.260 Teluk Segara 0.143 0.038
11 S-11 −3.789 102.250 Teluk Segara 0.285 0.099
12 S-12 −3.798 102.253 Teluk Segara 0.194 0.064
13 S-13 −3.796 102.251 Teluk Segara 0.173 1.357
14 S-14 −3.798 102.255 Teluk Segara 0.071 0.014
15 S-15 −3.791 102.250 Teluk Segara 0.316 0.715
16 S-16 −3.809 102.265 Ratu Samban 0.163 1.103
17 S-17 −3.811 102.267 Ratu Samban 0.173 0.004
18 S-18 −3.816 102.273 Ratu Samban 0.122 0.151
19 S-19 −3.799 102.263 Ratu Samban 0.070 0.016
20 S-20 −3.818 102.276 Ratu Agung 0.265 0.235
21 S-21 −3.837 102.295 Ratu Agung 0.163 0.999
22 S-22 −3.852 102.305 Ratu Agung 0.275 1.462
23 S-23 −3.797 102.283 Ratu Agung 0.163 0.244
24 S-24 −3.818 102.285 Ratu Agung 0.245 0.791
25 S-25 −3.782 102.293 Sungai Serut 0.143 0.568
26 S-26 −3.790 102.326 Sungai Serut 0.101 0.120
27 S-27 −3.816 102.288 Singaran Pati 0.367 1.169
28 S-28 −3.821 102.309 Gading Cempaka 0.245 0.103
29 S-29 −3.868 102.319 Selebar 0.163 0.478
30 S-30 −3.850 102.350 Selebar 0.194 0.203
31 S-31 −3.837 102.322 Selebar 0.367 0.976
32 S-32 −3.880 102.353 Selebar 0.265 0.863
33 S-33 −3.890 102.322 Kampung Melayu 0.173 0.456
34 S-34 −3.915 102.308 Kampung Melayu 0.163 0.004
35 S-35 −3.930 102.287 Kampung Melayu 0.173 0.619
36 S-36 −3.938 102.284 Kampung Melayu 0.163 0.028
37 S-37 −3.938 102.289 Kampung Melayu 0.173 0.004
38 S-38 −3.930 102.304 Kampung Melayu 0.204 0.668
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hazard assessment should be considered for struc-
ture designs in Bengkulu City. When relating to 
geological conditions, the areas of Bengkulu City 

that are prone to liquefaction are generally domi-
nated by Qat (Mase 2020). These areas correspond 
to several government building complexes, tourism 

Fig. 8   Liquefaction poten-
tial at representative sites: a 
S-7, b S-23, c S-26, d S-30, 
e S-32, f S-37
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locations, and business areas (Mase 2018a), all of 
which are certainly important areas of Bengkulu 
City whose susceptibility to seismic impacts should 
be considered.

Figure  9b presents the maximum kinetic energy 
density (MKED) of each investigated site. To calcu-
late the amount of kinetic energy in the liquefied soil, 
it is necessary to first know amax per each investigated 
depth. Thus, amax was obtained from ground response 
analysis (Fig.  7a) and then used to estimate MKED. 
In Fig. 9b, the estimated values of MKED generally 
observed vary from 0.279 up to 26.056 kJ/m3. Based 
on Fig.  9b, sites with low FS values tend to have 
large MKED values. Thus, a larger MKED means a 
larger liquefaction potential (Jafarian et  al. 2013). 
MKED value is also influenced by the magnitude of 
amax. Larger MKED values correspond to larger amax, 
and vice versa. Earthquake waves that propagate on 
loose sandy soil layers tend to decrease soil stiffness 
(Yoshida 2015). In general cases, earthquake shak-
ing could increase excess pore pressure and reduce 
the effective stress of sandy soil. This condition 
could lead to soil layers losing their strength and then 
becoming susceptible to liquefaction.

4.3 � Empirical Models to Estimate Liquefaction 
Potential

The analysis results of this study were compiled into 
three charts that can be used to estimate liquefaction 
potential for Bengkulu City, shown in Figs.  10, 11 
and 12. Mase (2020) recommended that the struc-
tural designs and soil resistance designs within earth-
quake-vulnerable areas should refer to a deterministic 
hazard analysis that considers the most significant 
earthquake. Therefore, these charts are in line with 
the recommendation since they refer to the Bengkulu-
Mentawai Earthquake in 2007 and will be particularly 
useful for Bengkulu City and its vicinity area. These 
charts illustrate the correlations between three impor-
tant parameters: FS, qc1N, and MKED; FS represents 
the level of liquefaction susceptibility, qc1N represents 
the availability of soil resistance (internal factor), and 
MKED represents the external factor that can trigger 
liquefaction. The models have been proposed in the 
terminology of the median, upper boundaries, and 
lower boundaries, which when combined provide 
information that minimises uncertainty. The proposed 
models are also validated by comparison to previous 

Fig. 9   Liquefaction 
potential: a profile of FS, b 
profile of MKED
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studies conducted in various regions having site 
characteristics dominated by sandy soils. to observe 
the consistency of the models. Previous studies used 
for comparison include Kramer (2008) conducted in 
Washington, USA; Ishihara et  al. (2016) in Chiba, 
Japan; Filali and Sbartai (2017) in California, USA; 
Mase (2017) in Bengkulu, Indonesia; and Mase et al. 
(2018) in Chiang Rai, Thailand.

Figures  10, 11 and 12 show the correlations for 
empirical prediction of liquefaction potential. In gen-
eral, correlations presented in Figs.  10, 11 and 12 
are derived based on data distribution. The regres-
sion analysis is conducted on the data distribution for 
MKED, FS, and qc1N. From the data distribution, the 
empirical predictions for MKED, FS, and qc1N are pro-
posed in Eqs. 15 to 17. For trendlines, the proposed 

charts had coefficients of determination (R2) of more 
than 0.75. It indicates that all parameters had a strong 
correlation with each other. However, based on data 
distribution, it is also shown in Figs. 10, 11 and 12, 
there are uncertainties found in the results. Therefore, 
the upper and lower boundaries are proposed.

Figure 10 presents the plot to determine FS from 
qc1N. It can be seen that FS increases with qc1N. The 
upper boundary, median, and lower boundary of the 
correlation between qc1N and FS are described by 
Eqs. (19). At the crucial value of FS = 1, the values of 
qc1N are observed to vary between 50 and 170. Many 
sites in Bengkulu City are composed of sand and fine 
material mixtures, which (loose sands) according to 
Kusumawardani et al. (2016) and Mase et al. (2019) 
are sensitive to liquefaction during cyclic loading. 

Fig. 10   Proposed charts to estimate FS from qc1N a the devel-
opment of chart for FS estimation from qc1N b the performance 
of chart to worldwide cases

Fig. 11   Proposed charts to estimate MKED from qc1N a the 
development of chart for MKED estimation from qc1N b the 
performance of chart to worldwide cases
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Figure  11 presents the plot to estimate MKED 
from qc1N. Since MKED is derived from amax, an 
estimation of MKED is analogous to estimating 
the required amax to trigger liquefaction. Based on 
Fig.  11, MKED increases substantially at qc1N less 
than 50, with the highest MKED from our analysis 
reaching about 26 kJ/m3. At the critical condition of 
FS = 1, the MKED is about 2 kJ/m3 (directly observ-
able in Fig. 12, discussed below). The upper bound-
ary, median, and lower boundary of this relationship 
are described by Eqs. (20),

Figure  12 presents the correlation between FS 
and MKED, with the upper boundary, median, and 
lower boundary described by Eqs. (21). As previ-
ously elaborated, liquefaction occurs at FS < 1, 
which corresponds to MKED > 2 kJ/m3.

We understand that the use of the proposed 
equations is relevant for liquefaction potential 
in Bengkulu City. In this study, the comparison 

(20a)MKEDUB =
76.3391 + qc1N

−6.989 + 0.3735qc1N

(20b)MKEDmean =
247.2786 + qc1N

−24.958 + 1.6715qc1N

(20c)MKEDLB =
−160.937 + qc1N

4.5682 + 1.2010qc1N

(21a)FSUB = −0.0439 +
(

11.5411

1.1620 +MKED

)

(21b)FSmean = 0.1072 +
3.6907

0.0014 +MKED

(21c)FSLB = 0.0078 +
1.6627

0.1837 +MKED

Fig. 12   Proposed charts to estimate FS from MKED a the 
development of chart for FS estimation from MKED b the per-
formance of chart to worldwide cases

Site investigations revealed that sand layers with qc1N 
less than 50, were generally found at shallow depths. 
It is therefore logical to deduce that liquefaction may 
commonly occur at shallow depths in Bengkulu City.

(19a)FSUB = 0.3766 × exp(0.0159qc1N) + 4.259 ⋅ 10−9 × exp
(
0.1253qc1N

)

(19b)FSmean =
(
2.9834 × 10−10

)
× exp(0.1386qc1N) + 0.23 × exp

(
0.0128qc1N

)

(19c)FSLB =
(
3.152 × 10−12

)
× exp(0.1575qc1N) + 0.208 × exp

(
0.0049qc1N

)
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to liquefaction cases in other areas is to confirm 
whether the models are relevant for general imple-
mentation or not. Based on the comparison, some 
worldwide cases can be relevant to the chart we pro-
posed. When we plotted the data from studies con-
ducted in Washington, USA (Kramer 2008); Chiba, 
Japan (Ishihara et  al. 2016); Bengkulu, Indonesia 
(Mase 2017); California, USA (Filali and Sbartai 
2017); and Chiang Rai, Thailand (Mase et al. 2018; 
Mase and Likitlersuang 2021) against the bounda-
ries and median of Fig.  12, we found that almost 
all of these studies’ data points fall within the pro-
posed range. This gives us reasonable confidence 
that the proposed charts could accurately predict 
liquefaction potential in Bengkulu City. In addi-
tion, although these plots and equations describing 
the relationships between FS, qc1N and MKED were 
derived based on data from Bengkulu City, it seems 
that they may be appropriate for describing world-
wide cases as well.

5 � Conclusion

A simplified energy concept for liquefaction predic-
tion was applied for Bengkulu City. A total of 38 
sites in the city were studied. The empirical analysis 
results were correlated to generate empirical equa-
tions that can predict liquefaction potential in the 
study area. Several concluding remarks can be drawn:

1.	 In past earthquake events, liquefactions in Beng-
kulu City were mostly found at shallow depths 
which implies that liquefaction could influence 
the performance of low-rise building structures 
during large earthquakes.

2.	 Loose to medium sandy soil layers in the study 
area are vulnerable to liquefaction. Those are 
found in areas with alluvium terraces (Qat) geo-
logical formations. One of the developed corre-
lations will allow for the identification of areas 
susceptible to liquefaction through cone penetra-
tion tests. More specifically, areas identified with 
qc1N > 50 will, according to the correlation, be at 
the critical value of factor of safety against liq-
uefaction (FS = 1) and be susceptible to liquefac-
tion. The amount of energy value (MKED) that 
propagates in each layer of soil depends on the 

value PGA. It is estimated that liquefaction may 
occur at MKED > 2 kJ/m3.

3.	 The simplified energy concept correlations 
developed in this study also relatively accurately 
described data obtained during previous stud-
ies from various sites around the world. As such, 
the framework implemented in this study could 
potentially be adopted to estimate the liquefac-
tion potential of other areas outside of Bengkulu 
City.
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