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The research findings on the ground motion and liquefaction potential analyses during the 2018 Great
Indonesia Earthquake (M,, 7.5) are significant and crucial. The earthquake triggered soil-structure damage
due to liquefaction. This study, which thoroughly investigated four sites at Palu, was conducted by
performing a comprehensive ground motion parameter analysis. The ground motion characteristics were
presented and justified, particularly for the most impacted direction. Ground motion predictions were
analysed to define the spectral accelerations, and matching spectral accelerations were conducted to
produce ground motions for each site. Non-linear seismic ground response analysis based on the
hyperbolic model of pressure pressure-dependent was performed to investigate cyclic soil behaviour. The
results revealed that ground motion is crucial in significant soil damage, and the earthquake energy could
trigger deep liquefaction. As the most significant ground motion, the vertical ground motion is essential in
determining deep liquefaction. The discussion on the impact of liquefaction based on the results of the
numerical analysis is presented. Significant ground motion with a longer duration could have a substantial
impact on deep liquefaction in the study area. These findings depict how the 2018 Indonesia Earthquake
(M,, 7.5) triggered a mega-liquefaction in Palu City. The results could enhance the understanding of the
importance of seismic hazard assessment. It is recommended that site investigation and soil improvement
should be planned to counteract liquefaction damage before construction. This study also suggests
conducting seismic hazard assessments for city development to minimise the potential disaster impact in
the study area.

©2026 China Geology Editorial Office.

1. Introduction

The Indonesian Archipelago is an area of the world’s Ring
of Fire. This condition could put Indonesia in a region of very
high seismic intensity (Irsyam M et al., 2020). The events of
massive earthquakes indicate the high seismic intensity in
Indonesia. Two main types of earthquakes typically trigger
significant earthquakes in Indonesia. They are subduction
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earthquakes and shallow crustal earthquakes. Mase LZ et al.
(2023) state that subduction earthquakes generally occur in
Indonesia. In contrast, shallow crustal earthquakes generally
occur due to the activity of active faults in the land. Large-
scale occurrences like the 2004 M,, 9.2 Aceh Earthquake
(Meltzner AJ et al., 2006), the 2006 M, 6.3 Yogyakarta
Earthquake (Mase LZ et al., 2021a), the 2007 M, 8.6
Bengkulu-Mentawai Earthquake (Mase LZ, 2017), and the
2018 Great Indonesia Earthquake in Palu (Socquet A et al.,
2019). The Indonesia Agency of Meteorology, Climatology,
and Geophysics (2022) reports that an inland earthquake with
a magnitude of M, 5.9 occurred. It is known as the Cianjur-
West Java Earthquake of 2022. This earthquake is identified
as an active fault beside the Lembang Fault (Somantri AK et
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al., 2023) that could trigger a low to moderate earthquake.
West Java and Jakarta (the capital city of Indonesia) could
become the most impacted area due to the activity of these
active faults.

On September 28", 2018, a shallow crustal earthquake
counted with a magnitude of M,, 7.5 and a focal depth of 16
km (Yolsal-Cevikbilen S and Taymaz T, 2019). This
earthquake, a stark reminder of the devastating power of
nature, was triggered by the activity of the Palu-Koro Fault
(Liu C and Shen YL, 2021), mainly due to the fault
interaction, which induced stress between faults and
significantly controlled the earthquake and its seismic
hazards. Palu, the capital of the Province of Central Sulawesi,
was recorded as the most impacted area during the area.

Several studies have explained the coseismic deformation
and its impact on Palu’s 2018 Great Indonesia Earthquake.
Goda K et al. (2019) mentioned that the earthquake resulted in
significant subsidence and deformation in Palu City.
Sedimentary soils and hills underwent large ground-shaking
amplifications and coseismic landslides. Goda K et al. (2019)
also suggested that the earthquake demonstrated that major
strike-slip events can trigger deadly and damaging tsunamis,
to which multiple source mechanisms can contribute. Lee SJ
et al. (2019) explained that coseismic seabed deformation is
predicted to be about 0.4 m, which cannot trigger a massive
tsunami. However, the horizontal coseismic deformation was
relatively large, with a movement of about 3.6 m along the
trace. Ulrich T et al. (2019) stated that the primary tsunami
source might have been seismically generated vertical
displacements. According to them, an average vertical
displacement of 1.5 m on the offshore fault segment within
Palu Bay was a tsunami source. Simons W et al. (2022) also
mentioned that coseismic deformation had triggered the
tsunami after the earthquake in Palu. The significant
movement on the complex bathymetry or topography could
build up the seawater, resulting in a tsunami. Jaya A et al.
(2019) also suggested that the earthquake produced about 160
km long surface rupture with a maximum displacement of 5.8
m. Wu DY et al. (2021) reported coseismic displacements
along surface ruptures and observed a maximum coseismic
offset of about 6.2 m. Wu DY et al. (2021) also mentioned
that based on their observation, the location of the Palu-Koro
Fault is within the Palu Basin. A study by Natawidjaja DH et
al. (2021) mentioned that a sizeable normal dip-slip during the
earthquake exhibited a vertical displacement of 5 m.

One of the catastrophes that resulted from the earthquake
was a massive liquefaction found in several areas in the
plateau of the Palu Area. Several studies conducted by
Kusumawardani R et al. (2021), Jalil A et al. (2021), and
Widodo LE et al. (2022) reported that liquefaction in Palu had
resulted in a huge geotechnical and structural damage. The
existence of thick sedimentary soils and a significant
earthquake led to the significant impact of liquefaction (Goda
K etal.,, 2019). Several intensive studies conducted by Kiyota
T et al. (2020), Hazarika H et al. (2020), and Okamura M et
al. (2020) reported significant flow-side evidence due to

liquefaction in Balaroa, Petobo, Jono Oge and Sibalaya.
Besides the flow-side liquefaction, cyclic mobility
liquefaction during the earthquake also happened. However,
the characteristics of ground motion in controlling
liquefaction and liquefaction analysis during the 2018 Great
Indonesia Earthquake in Palu are still rarely found. Therefore,
our unique approach to liquefaction site response analysis,
which is a novel contribution to the field, still needs to be
performed.

This study aims to explain the ground motion
interpretation, liquefaction damage during the 2018 Great
Indonesia Earthquake in Palu, and the liquefaction potential
analysis. The impact of liquefaction on the study area and the
importance of seismic hazard assessment in construction
planning and spatial development are discussed. Generally,
the results of this study verify the role of ground motion and
site conditions in causing deep liquefaction in Palu.
Additionally, the study provides recommendations on the
importance of liquefaction hazard assessment for spatial plan
development.

2. Theoretical framework and methodology
2.1. Seismotectonic setting

Sulawesi Island is one of Indonesia’s active tectonic
regions (Katili JA, 1978). Patria A and Putra PS (2020)
mentioned that this island is located at the triple conjunction
of plate convergence (Fig. 1). The triple conjunction plates
include the Pacific, Australian, and Eurasian(Hall R, 2019).
Under this condition, there is a complex seismotectonic
setting in this region. Several tectonic formations, such as the
Minahasa Trench, Sangihe Thrust, and Tolo Through, are
formed due to the tectonic activities in this area (Komura K
and Sugimoto J, 2021). In addition, several active faults, such
as Palu-Koro, Matano, Walanae, and Lawanopo, have also
been identified on this island. Consequently, Sulawesi is
frequently under earthquake threats with a magnitude greater
than 4.5 and a minimum shallow focal depth of 30 km, mainly
in central-northern Sulawesi (Patria A and Putra PS, 2020).

Watkinson IM and Hall R (2017) and Cipta A et al. (2017)
mentioned that the Palu-Koro Fault system is essential. The
Palu-Koro Fault System is a major active NNW-SSE trending
left-lateral strike-slip fault zone on the island of Sulawesi in
Indonesia (Bellier O et al. 2001). Socquet A et al. (2006)
explained that the Palu-Koro fault is a significant boundary
and accommodates the 42 mm/year relative motion between
the Makassar and North Sulawesi Regions (Fig. 1). This fault
is also connected to the Matano Fault in the southern part of
the Island. Patria A and Putra PS (2020) revealed that both
faults moved left-lateral slip from the east-west convergence.
Palu-Koro is extended to the north and terminates at the
western part of the North Sulawesi Subduction.

Patria A and Putra PS (2020) mentioned that seismic
activity in the Palu-Koro Fault is indicated by several
earthquakes that occurred. The fault activity is generally
classified as strike-slip. Cipta A et al. (2017) suggested that
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the fault is the most significant seismic risk in eastern
Indonesia, and it is also possible to produce a massive
earthquake. This prediction seems relevant to the big
earthquake in Indonesia that occurred on September 28, 2018.
The activity of the Palu-Koro Fault triggered the earthquake.
The earthquake’s epicentre is located in the northern part of
Sulawesi Island, about 80 km from Palu, the capital city (Jaya
A et al., 2019). The earthquake triggered a 4 m tsunami wave
that significantly impacted the city (Gusman AR et al., 2019).
The earthquake also resulted in a mega-liquefaction in Palu
City (Jalil A etal., 2021). Cipta A et al. (2021) mentioned that
the combination of high-peak ground acceleration at the sites
and complex geological mention triggered a mega-

liquefaction during the 2018 Great Indonesia Earthquake.
2.2. Geological condition

Yulianur A et al. (2020) mentioned that the Palu Plain
basin is dominated by deposited alluvial materials, such as
sands and clays (Fig. 2). Rock formations in this area are
sedimentary, volcanic, plutonic, and metamorphic. In the
study area, the Holocene formation is dominant. The
formations formed during the Holocene ages could be
categorised as sedimentary rocks. During the 2018 Great
Indonesia Earthquake, liquefaction evidence was found in
Palu’s basin area, which was dominated by sedimented and
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Fig. 1. Seismotectonic settings of the Palu study area.
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Fig. 2. Geological map of the Palu area.
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Holocene sediment. Hibsch C et al. (1997) mentioned that
liquefaction history could be found in sedimented materials,
such as lacustrine sediment formed during Holocene. Munson
PJ and Munson C (1995) mentioned that liquefaction in the
past happened in sediment material during the Holocene ages.
Holzer TL et al. (1999) suggested that the liquefaction
potential for sedimented granular soil appeared more
susceptible to liquefaction.

Fig. 3 shows the study area’s geological situation and the
study area’s field survey map. Fig. 3 also shows that four
locations were investigated in this study. These are called S-1
to S-4. P-1 is in Garuda, S-2 is in Pengau, S-3 is in Lere, and
S-4 is in Dongala Kodi. The coordinates of the surveyed
locations are summarised in Table 1. There is also a seismic
station called the Seismic Station of Indonesian
Meteorological, Climatology, and Geophysical Agency or

)

Palu Gulf
Ulujadi

0°52'S

Mantikulore

0°54'S

Kinovaro
Palu Selatan

locally, namely, PLS. This seismic station is located in
Balaroa. In Fig. 3, the Palu-Koro Fault crosses Palu City.
Therefore, the impact of the earthquake triggered by Palu-
Koro is severe since this fault is crossing the settlement area
(Walpersdorf A et al., 1998).

Soil and shear wave velocity profiles (V) are shown in
Fig. 4. Tt should be noted that those parameters were
estimated through geophysical measurements and were based
on a previous study conducted by Thein P et al. (2014). In
Fig. 4, it can be observed that sandy soils dominate the site
condition in the study area. Those sandy soils are classified as
silty sand (SM), clayey sand (SC), and gravelly sand (SG).
Several clay layers dominated by silty clay (CM) are also
found in the investigated sites. Field investigations show that
the time-averaged shear wave velocity (V3,) at the initial
depth of 30 m varies between 201 m/s and 331 m/s.
According to the National Earthquake Hazard Reduction
Program (NEHRP, 2015, the study site should be categorised
as site class D with a V3, of 180-360 m/s. Wills CJ et al.
(2015) and Hollender F et al. (2018) mentioned that V3, is
related to seismic vulnerability. The lower Vg, means an
enormous potential for seismic vulnerability. Rusydi M et al.
(2018) mentioned that at Palu Plain, the range of V3, ranges
from 200 to 300 m/s. Therefore, in line with NEHRP, the site
class in Palu Plain is also categorised as Site Class D.
Generally, the prediction made by Rusydi M et al. (2018) is
consistent with this study. Fig. 3 shows that the study area’s

Table 1. Locations of site investigation, epicentre, and seismic
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Fig. 4. Site investigation.
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engineering bedrock depth varies from 52.5 m to 285 m
below the ground surface. The prediction proposed by Rusydi
M et al. (2018) also shows the depth of engineering bedrock
in the study area from less than 25 m to more than 125 m.
Rusydi M et al. (2018) also reported that shallow groundwater
levels are also found in the central Palu Plain, which is
consistent with this study.

2.3. Next-generation  attenuation models and

matching analysis

spectral

Palu Seismic Station, or PLS Station, is the only seismic
station that recorded the earthquake ground motion during the
2018 Great Indonesia Earthquake. The earthquake triggered
the coseismic displacements along surface ruptures with a
maximum coseismic offset of about 6.2 m. The significant
impact of this earthquake is reflected by the ground motion
record recorded in the PLS station. The recorded ground
motion under baseline correction collected from PLS is
presented in Fig. 5. In Figs. 5a—c, ground acceleration, ground
velocity, and ground displacement of the earthquake are
presented, respectively. It should be noted that velocity and
displacement are derived based on differential techniques.
From Fig. 5, it can be observed that there are three ground

motions in three directions. For horizontal directions, east-
west (EW) and north-south (NS), maximum peak ground
accelerations (PGA,,,,) are 0.283 g and 0.205 g, respectively.
For vertical direction or UD (up-down) direction, PGA,,,,) is
0.327g. In Fig. 5b, the velocity values for all directions (EW,
NS, and UD) are 0.649 m/s, 0.763 m/s, and 0.758 m/s,
respectively. According to Cilia MG et al. (2021), based on
the Boore DM et al. (2014) model, the predicted PGV values
for the liquefied site areas are about 0.6 m/s to 0.8 m/s. The
prediction seems reasonable and consistent with the PGV
values based on the PLS station. In Fig. 5c, based on the
differential formulation from the time history of velocity, the
displacement values for all directions (EW, NS, and UD) are
28.585 m, 29.326 m, and 42.719 m, respectively. The
maximum PGD value is generally consistent with the
resulting ground movement and displacement in several flow-
side areas such as Balaroa, Sibalaya, Jono Oge, and Petobo
during the earthquake, which are laterally moved up to several
hundred meters.

Fig. 6 also the ground motion’s spectral
acceleration. Fig. 6 shows that the vertical direction’s spectral
acceleration exceeded the spectral acceleration design for stiff
soils (SNI 1726-2019, 2019) at short periods. In contrast,
spectral accelerations of the horizontal directions exceeded
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the design one for long periods. Generally, from the periods
of 0.1 s to 1 s, it can be categorised as a critical condition. A
period of 0.1 s could represent the low-story building period,
and a period of 1s represents the high-story building period.
Buildings that have periods close to the critical period range
could undergo resonance effect. Therefore, it can make the
damage more significant to soils and structures. Mase LZ et
al. (2021b) also mentioned that the resonance effect resulted
in massive damage to short to medium structures in Northern
Thailand during the Tarlay Earthquake 2011.

In line with ground motion at the investigated sites, as
presented in Fig. 3, four sites are investigated. The ground
motion records did not exist at those sites because no seismic
stations existed. Therefore, the prediction of ground motion
should be performed. In this study, next-generation
attenuation (NGA) model analysis is conducted. Abrahamson
NA et al. (2014), Boore DM et al. (2014), Campbell KW and
Bozorgnia Y (2014), Chiou BS and Youngs RR (2014), and
Idriss IM (2014) are a few NGA-West2 models that could be
used for research. Idriss IM (2014) model deals with rock
sites. Within the study area, the explored sites are categorised
as soil sites. In this manner, other models can be utilised to
predict ground motion for the study area. NGA-West2 models
were developed based on the uncertainty of earthquakes (Atik
LA and Youngs RR, 2014). The parameters such as
magnitude, rupture distance, site class, and fault mechanism
determine ground motion prediction. Several cases of
earthquake  ground motion  prediction, such as
Tanapalungkorn W et al. (2020) in Northern Thailand,
Abdulnaby W et al. (2020) in Iraq, and Huang C and Galasso
C (2019) in China had shown the excellent performance of
NGA-West2. NGA-West2 models forecast ground motion at
the site, including peak and spectral ground acceleration.
Moreover, the matched spectral acceleration is obtained by
applying spectral matching and incorporated into the ground
motion time history. This study employs the spectral matching
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Fig. 6. Spectral acceleration of the M,, 7.5 Palu Earthquake recor-
ded from the Palu seismic station (PL-S).

method proposed by Hancock J et al. (2006). The spectral
matching method is initiated by determining the spectral
acceleration from NGA-West2 models. After that,
accelerograms can be adjusted by the spectral acceleration
from the models to match a particular target response
spectrum. This is done by applying the wavelets algorithm to
produce a mean-matched spectrum whose maximum misfit
corresponds to a predetermined tolerance. Next, the
corresponding spectral acceleration is applied to the synthetic
ground motion. This study uses the earthquake accelerogram
from the PLS seismic station for the 2018 Great Indonesia
Earthquake. The input for the seismic ground response
analysis is the artificial ground motion. Considering the
uncertainty of the studied earthquake, the generated ground
motion is anticipated to represent the ground motion
accurately. Therefore, the unavailable ground motions for
studied sites may be resolved by applying the spectral
matching method.

2.4. Summary of constitutive modelling

Several constitutive soil models, such as strain space
multiple mechanisms and incremental plasticity model
(Elgamal A et al., 2006), have been used to observe
liquefaction behaviour during earthquakes under the
framework of site response analysis. For example, by
conducting an experimental test and a one-dimensional
seismic ground response analysis, Mase LZ et al. (2019,
2022a) observed the liquefaction potential in the Izumio site
in Osaka, Japan.

Non-linear soil behaviours are coupled using incremental
plasticity and thus account for the hysteretic soil damping
effect. The stress path and hysteretic load during cyclic
mobility that soil could undergo during the dynamic load
persisted in Fig. 7. Contractive sandy soils with low effective
confining pressure (near surface) at initial stress at Point 0
could transform from contraction to dilation when shear loads
are continuously performed. The transformation phase
happens when the effective stress path achieves the phase
transformation line (Point 1). The soil stiffness increment and
effective stress path movement (Point 2). When the reverse
load is applied, effective confining pressure reduction
happens. Besides, sandy soil would behave as contractive
material (Point 3 to Point 4). The excess pore pressure
accumulation at Point 5 would follow this condition.
Furthermore, it could fail at Point 6. The reverse of
compression to the extension would reach the transformation
line at Point 7. It will continuously result in shear strain and
excess pore pressure accumulations (Point 8). With the same
tendency to compression, it could fail at Point 9. The cyclic
mobility phenomenon discussed by Ishihara K et al. (1975)
inspired many researchers to develop constitutive modelling
for liquefaction modelling.

Elgamal A et al. (2006) proposed a model to observe soil
behaviour during earthquakes. This model incorporated the
contractive, perfectly plastic, and dilative phases (Fig. 7) by
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Excess pore pressure generation

(*) Mesh size is derived from the
wavelength analysis

(Hashash YMA et al., 2015)

(*) Allowable vertical seepage flow

(*) Water table at ground surface

(*) The bottom of site investigation can be
assumed as the engineering bedrock
surface if the V=760 m/s.

(*) Input motion is assumed to be
propagating from the engineering bedrock
(elastic half space)

(*) No drainage on both lateral sides

(*) Vertical deformation is allowable

(*) Horizontal displacement at both sides
are the same

(*) Lateral normal stress on boundaries are
able to generate

The Palu earthquake input motion

Engineering bedrock (V=760 m/s)

Fig. 7. Schematic model of 1D seismic ground response analysis.

developing a new appropriate flow rule. By incorporating a
new flow rule, the model response characteristics are
dramatically altered, recreating the prominent cyclic mobility
processes and providing more direct control over the buildup
of shear strain (based on experimental findings). A new
hardening rule was also created for more reliable and effective
numerical performance. The yield function (f) is selected
based on Prevost JH (1985), as expressed in Eq. 1,

3
f =50s- (P +ppa): (s=(p' +pya)-
M (p'+p))’ =0 1)

For the p more than 0 domain, s = ¢'—p'; ¢ is the deviatoric
stress tensor. o7 is an effective Cauchy stress tensor, 8 is a
second-order identity tensor, and p’ is mean effective stress,
and p; is a small post-light constant such that the yield
surface size remains finite at p’ (for numerical convenience
and to avoid ambiguity in defining the yield surface normal at
the yield surface apex. a is a second-order kinematic
deviatoric tensor defining the yield surface coordinates. M
dictates the yield surface size (defined by friction angle for
the outmost surface). The pattern of ‘“:>> denotes a doubly
contracted scalar product of two t contexts of multi-surface

plasticity, several similar yield surfaces with a common apex
and different sizes form the hardening zone.

The phenomena interplay between shear and volume
change is handled by an appropriate non-associative flow rule
inside the theory of plasticity framework. The present model
restricts non-associativity to the volumetric component and
makes the deviatoric component of the flow rule associative;
by expressing P as the direction of plastic flow, the
volumetric component P'’ is defined as the desired degree of
dilation or contraction according to experimental
observations, as expressed in Egs. 2, 3,

1 —
., (n/n)2 " @

n=—"— 3
P+ Do

where 7 is the effective stress ratio, 7 is a material parameter

defining the stress ratio for the transformation phase and v is

a newly introduced scalar-valued function (Yang Z, 2000) to

control contraction and dilation. It should be noted that if
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(1-(y/7)*) is positive, the stress state lies within the
transformation phase; if it is negative, it lies above the
transformation phase.

Within the transformation phase surface (phase 0 to 1 in
Fig. 7), contraction always occurs irrespective of loading or
unloading  conditions.  The  scalar-valued  function
(contraction) is expressed for state stress in the transformation
phase.

Y =ciexp(cp’/P,) 4)

where P, is atmospheric pressure and c; and ¢, are two
material constants governing the contraction rate (or,
equivalently, the excess pore-pressure build-up rate under
undrained circumstances). If confinement dependency is
thought to be essential, parameter ¢, permits it. Parameter c;
is dependent on the kind of soil and relative density.

On the phase of transformation surface (phases 1 to 2 in
Fig. 7), Once an octahedral shear strain increment or yp,
accumulates, the stress state stays at D at low confinement
levels close to liquefaction. This is caused by activating a
constant volume in the perfectly plastic phase. The parameter
offers significant versatility in controlling the near- and post-
liquefaction yielding response magnitude. Specifically, the
parameter y, is defined by

Yy =Y1+0Yr ©)

yr = vdi ©)

where ¢ is the time, and yt is the total octahedral plastic strain
accumulated during liquefaction. The material constants are y,
and y,. Usually, loose soil requires a larger one. y, can
prolong the yielding phase y from one cycle to the next (the
detail can be found in Chiarelli AS et al., 2003).

A dilatation tendency is activated for the above phase of
transformation surface under loading and unloading
conditions (phases 2 to 3 in Fig. 7). For loading condition, the
formulation is expressed in the following,

W =d exp(dyy,) (N

where d; and d, are material constants, and d is cumulative
octahedral plastic strain during the current dilative phase.
Larger d; and d, values result in increasingly vital dilation,
eventually limited by the conical yield surface gradient.

During the current dilative phase, d is the cumulative
octahedral plastic strain, and d; and d, are the material
constants. Larger d; and d, values produce more significant
vital dilation, ultimately constrained by the conical yield
surface gradient.

For unloading conditions (phases 3 to 4 in Fig. 7), a
different definition of P" is required to allow for a swift return
to the confinement level p), upon unloading. To accommodate
it, the relationship below is proposed,

3/2P P pj
2 =y (8)
Pr

where P’ is the deviatoric component of the tensor P, 7,is the
stress ratio along the failure surface, and pj, is effective
confinement at the load reversal. According to this rule,
cumulative confinement is related to the contraction rate
(Nemat-Nasser S and Tobita Y, 1982). The models of
Dafalias YF and Manzari MT (1999) and Nemat-Nasser S and
Zhang J (2002) also show that the contraction’s reliance on
prior dilation is consistent with experimental findings.

Using a purely deviatoric kinematic hardening rule
(Prevost JH, 1985), the model efficiently produces a cyclic
hysteretic response. Mroz Z (1967) mentioned that in the
context of multi-surface plasticity, translation of the yield
surface is generally governed by the consideration that no
overlapping is allowed between yield surfaces. In this regard,
Mroz Z (1967) proposed using the current (deviatoric) stress
state (s) on the active surface for a new translation rule (u), as
expressed in the following,

Mm+1

7 [s=(p'+1P) @] = [s— (P + D)) @s] ©)

u=
where (P +P0) @ and (P'+P)) @1 are the centres in the
deviatoric plane. After updating the active surface, all inner
surfaces are translated to be tangential at the updated stress
state (s+ds) on the active surface. The translation rule of Eq. 9
was subsequently adopted by Dafalias YF and Popov EP
(1975) in two-surface models and by Prevost JH (1985) in
multi-surface model formulations.

Under specific loading conditions, it was discovered that
Mroz’s rule (Eq. 9) required a significant computational
effort. This was especially noticeable at low confinement
levels in the deviatoric plane, where yield surfaces have
progressively smaller sizes. Therefore, in the model, a new
translation rule (u) was defined by Parra EJ (1996), as
expressed in the following equation,

Mm+1

s [S_ (P/+P(/)) a'mH] (10)

M= [s_ (p, +p(l)) am] M

where s; is the deviatoric stress tensor. Eq. 10 is derived
based on the Mroz Z (1967) conjugate points concept,
allowing no yield surface overlap.

2.5. One-dimensional liquefaction site response analysis

This study performs a one-dimensional liquefaction site
response analysis to investigate soil behaviour during the
earthquake. It employs an open-source software called
CycliclD (Elgamal A et al., 2006). The software is developed
based on a finite element method framework for calculating
one-dimensional seismic ground response subjected to lateral
acceleration (Pender MJ et al., 2016).

The finite element formulation is a coupled solid-liquid
approach that can simulate the generation and dissipation of
excess pore water pressure. The cyclic mobility liquefaction
pays attention to researchers that during cyclic loading, the
stiffness could be changed. Elgamal A et al. (2006) adopted
the principle of stiffness evaluation and followed the concept
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of conical yield loci as suggested by Prevost JH et al. (1985).
In this study, the illustration of the soil model employed in the
analysis is derived based on Mase LZ et al. (2022a) in Fig. 7.
It can be observed that the soil layer is divided into elements.
The procedure to determine the size of the element is based on
wavelength theory presented by Hashash YMA et al. (2015)
as expressed by the Eq. 11,

Vs

d =
4fmax

an

where, d is the mesh size and f,,,, is the maximum frequency.
Hashash YMA et al. (2015) recommended that all layers
should have the same frequency throughout the soil profile,
and f,,, should be generally a minimum of 30 Hz.

The input motion is applied to the engineering bedrock.
The engineering bedrock is defined as a layer having a
minimum V; of about 760 m/s (Miller RD et al., 1999). Mase
LZ et al. (2022b) mentioned that engineering bedrock could
be considered the elastic half-space related to the application
of input motion. The elastic half-space assumption is
considered for ground motion applied as outcrop motion.
Vertical seepage is allowed during excitation, whereas
horizontal seepage is not allowed since there is no drainage
path in the horizontal direction. This is because the excess
pore pressure generation is generally generated upward. The
excess pore pressure builds up to reduce effective stress. The
liquefaction indication could be identified based on the
comparison between effective stress and excess pore pressure,
as expressed in the following,

Auzo’ (12)

v

where Au is the excess pore pressure, and ¢, is the effective
stress. In Eq. 2, liquefaction could happen when the amount of
Au has the same value as ¢”. From Eq. 12. Generally, the
parameter called the excess pore pressure ratio could also be
used as a liquefaction parameter,

Au
==

v

Ty

13)

where r, is the excess pore pressure ratio. Liquefaction could
happen when the excess pore pressure ratio exceeds one and
vice versa.

During the liquefaction process, soil behaviours are
presented, including the time history of excess pore pressure
ratio, hysteresis loop, and effective stress path. Once the
excess pore pressure exceeds the effective stress, it
significantly reduces effective stress. It is also able to observe
the effective stress path. Once the effective stress path
becomes zero, liquefaction could happen.

2.6. Research framework

Fig. 8 presents the research framework of this study. This
study is initiated by collecting data, such as site investigation
data and earthquake ground motion records. This study’s
ground motion is the earthquake’s ground motion with each

direction component. The geological conditions and the
seismotectonic settings in the study area are analysed.

The next step is to analyse the ground motion parameters
from the recorded ground motion obtained from the closest
seismic station to the studied area. Several ground motion
parameters are presented: time-histories of acceleration,
velocity, and displacement; energy flux; significant duration;
and frequency content of ground motion (Kramer SL and
Stewart JP, 1996). Those parameters are evaluated based on
the direction component. The acceleration direction
component is analysed at this step to determine the most
significant acceleration. The justification for the most
impacted ground motion is estimated based on the energy flux
resulting from ground motion parameter analysis.

After the analysis, the most impacted ground motion and
its direction are determined. The next step is to predict the
maximum peak ground acceleration and spectral acceleration
curve at observed sites. In this study, NGA models for soil
sites are used. The spectral acceleration curve for each site is
then determined, and the next step is to perform a spectral
matching method (Hancock J et al., 2006) to determine
ground motion. The most significant ground motion based on
the ground motion parameter is then used as a matching
spectral acceleration. Since the study area is categorised as a
near-field zone (Mase LZ et al. 2022b), the recorded ground
motion at the closest station could be used as a matching
spectral acceleration to generate the ground motion for the
study area.

Following the acquisition of ground motion data for every
site under investigation, a one-dimensional seismic ground
response analysis is carried out (Elgamal A et al., 2006). The
information on site geotechnical properties is presented. Due
to data limitations, several numerical analysis data are
assumed, especially the dilative and contractive parameters. It
should be noted that parameters including p ', Vmax> Ligs 1,
¢, dy, and d, are determined based on recommendations
suggested by Elgamal A et al. (2006). However, the
assumptions are generated based on the geotechnical
parameters available in this study. The input parameters used
in this study are listed in Table 2. In this study, the framework
of seismic ground response analysis suggested by Mase LZ
(2017) and Mase LZ et al. (2022b) is adopted in the analysis.
The V; criterion of engineering bedrock based on Miller RD
et al. (1999) is also implemented in seismic ground response
analysis. Dynamic behaviour of soils, such as excess pore
pressure ratio, hysteresis loops, and effective stress path, is
presented. This study also compares the spectral acceleration
design for the spectral acceleration of seismic ground
response analysis.

3. Results and discussions
3.1. Ground motion parameters

Table 3 presents the ground motion parameters for all
directions. Table 3 shows that acceleration in the UD
direction or UD acceleration has the highest acceleration
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Fig. 8. Flowchart of the research framework.

value, i.e., 0.327g. Generally, the maximum acceleration
occurred at 19.61 s. Both UD and NS velocities have a higher
value compared to EW velocity. The maximum UD velocity
generally occurred within 20 s to 81 s. In terms of maximum
displacement, it is also observed that the maximum
displacement obtained from the analysis is about 29.326 m to
42.719 m. Based on the analysis, the UD displacement results
are the highest. Sarma SK and Yang KS (1987) suggested that
the parameter of acceleration containing 95% Al or A95 could
be used to assess how destructive the ground motion is. This
study also shows that A95 for UD acceleration tends to have
the highest. In addition, UD acceleration has the highest
specific energy density among all accelerations.

Fig. 9 presents the intensity content for energy flux and
arias intensity (Al) from the ground motions. Fig. 9a presents
the energy flux of ground motions during the 2018 Great
Indonesia Earthquake in 2018. It can be observed that the UD
direction tends to result in the highest energy flux compared
to the other two ground motions. Fig. 9b presents the Arias
Intensity in Percent (%) and time (in seconds) corresponding
to each ground motion. In Fig. 9b, the predicted significant

duration can be estimated based on the time required to reach
5% Arias Intensity and 95% Arias Intensity. According to
Fig. 9b, significant durations for each direction are 16.62 s
(UD), 19.848 s (NS), and 21.406 s (EW), respectively. As a
result, it is possible to calculate that the 2018 Great Indonesia
Earthquake had an average significant duration of 19.291 s.

According to the analysis of ground motion parameters,
the earthquake’s UD direction is thought to have been a major
contributing factor to the significant ground damage in the
study area. As a result, the ground motion generated from the
UD direction can be utilised as a representative ground
motion for seismic ground response analysis for each site
under investigation. The following section presents the
findings of the spectral matching analysis for representative
ground motion in each site under investigation.

3.2. Spectral matching results

During the 2018 Great Indonesia Earthquake, no actual
ground motions were recorded in each investigated site. The
only recorded ground motion was collected from the PL-S
Station. The Next Generation Attenuation (NGA) models in
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Table 2. Input parameters.

Sites Layer Soil  VJ(m FC/  Thickness/ c/(kN/m?) ¢/° kl y(KN/ K, Pt Imad  Liq c ¢ d, d,
Number Type /s) % m (m/s) m’) kPa %

S-1 1 SC 120 21 4 2.20 28 11.0x107° 16.81 0.53 80 5 0.03 030 020 0.00 10
2 SM 285 8 4 2.15 19 66.0x107° 19.17 0.67 80 5 0.02 020 030 0.10 10
3 SG 299 15 12 1.00 30 88.0x10°° 18.75 0.50 80 5 0.02 020 030 015 10
4 SM 263 9 10 2.50 21 66.0x10°° 17.88 0.64 80 5 0.01 0.10 040 030 10
5 SG 300 16 40 1.45 32 66.0x10°° 17.87 047 80 5 0.01 0.10 050 040 10
6 SG 450 16 50 1.54 33 66.0x10°° 18.89 0.46 80 5 0.00 0.10 0.50 0.50 10
7 Rock 1100 - 30 ~ 35 0.123x107°  22.34 043 80 5 0.00 0.01 059 0.60 10

S-2 1 CM 120 80 2 15.00 2 1.11x107° 17.30 097 50 5 - - - - -
2 SM 229 8 4 2.37 19 66.0x10°° 18.66 0.67 80 5 0.03 030 020 0.00 10
3 SC 260 20 4 4.00 28 11.0x10°6 18.64 0.53 80 5 0.02 020 030 0.10 10
4 CM 192 82 2 16.00 2 1.11x107° 17.32 097 50 5 - - - - -
5 SM 286 9 10 3.00 21 66.0x10°° 18.46 0.64 80 5 0.02 0.10 030 0.15 10
6 SG 300 15 48 2.32 32 88.0x10°° 17.93 047 80 5 0.00 0.10 0.50 040 10
7 SG 425 15 170 2.15 33 88.0x10°° 17.82 0.46 80 5 0.00 0.10 0.50 0.50 10
8 Rock 1100 - 60 ~ 35 0.123x107°  22.54 043 80 5 0.00 0.01 059 059 10

S-3 1 SM 166 9 4 3.13 19 66.0x10°° 17.99 0.67 80 5 0.0l 0.10 040 030 10
2 CM 198 80 16 16.00 3 1.11x107° 17.37 095 50 5 - - - - -
3 SM 228 10 8 3.21 19 66.0x10°° 17.40 0.67 80 5 0.03 030 020 0.00 10
4 SG 275 14 24.5 2.15 31 88.0x10°° 17.71 0.48 80 5 0.00 0.10 0.50 040 10
5 Rock 1100 - 108.3 ~ 35 0.123x107°  22.54 0.43 80 5 0.00 0.01 059 059 10

S-4 1 CM 180 83 6 17.00 3 1.11x107° 17.51 095 50 5 - - - - -
2 SM 225 11 4 3.13 21 66.0x107° 18.60 0.64 80 5 0.01 0.10 040 030 10
3 CM 285 81 2 16.00 4 1.11x107° 19.94 093 50 5 - - - - -
4 SM 345 9 3 2.37 23 66.0x107° 20.35 0.61 80 5 0.02 0.10 030 0.15 10
5 CM 345 80 5 15.00 3 1.11x107° 19.99 095 50 5 - - - - -
6 SC 385 21 10 4.00 28 11.0x107° 19.90 0.53 80 5 0.02 020 030 0.10 10
7 SG 401 15 60 2.32 32 88.0x10°° 18.80 0.47 80 5 0.00 0.10 0.50 040 10
8 SG 485 16 195 1.54 33 88.0x10°° 18.66 0.46 80 5 0.00 0.10 0.50 0.50 10
9 Rock 1100 - 15 ~ 35 0.123x107°  23.41 043 80 5 0.00 0.01 059 059 10

Note: y and FC are unit weight and fine content, respectively; p'..; is effective confinement pressure reference; ¢ and ¢ are cohesion and internal friction angle,
respectively; y.. is peak shear strain; & is the permeability coefficient; Lig is the liquefaction parameter; V is shear wave velocity; ¢, and ¢, are contractive
parameters; K, is the coefficient of lateral earth pressure at rest; d; and d, are dilative parameters

this study are employed to predict each investigated site’s
maximum and spectral acceleration. Only those four soil site
models are used in this study because the area is classified as
a soil site. Based on the weighted average of NGA-West2
models, the NGA-West2 is computed. The average spectral
acceleration for each site is calculated to reduce the
uncertainty of each model. Atik LA (2009) and Seyhan E
(2014) presented the weighted factor for NGA models’
calculation. For spectral matching analysis. This study uses
spectral and time-history accelerations in the UD direction as
the matching parameters.

Fig. 10 presents the site study’s spectral acceleration
prediction and spectral matching analysis. In Fig. 10, the red
line indicates the spectral acceleration of NGA West2. Two
red dashed lines also represent the standard deviation of NGA
West2 spectral attenuation. The yellow line represents the
spectral acceleration of recorded ground motion. Generally,
based on NGA West2 prediction, the peak ground
acceleration (PGA) for the study area is observed to vary from
0.366g to 0.547g. Scawthorn C (2018) mentioned that the

MMI scale of IX to X indicated liquefaction, landslides, and
shifted sand mud could occur. This description seems
consistent with field evidence of the 2018 Great Indonesia
Earthquake, as Faris F et al. (2019) reported.

Additionally, Fig. 10 demonstrates that each site under
investigation’s matched spectral acceleration is generally
consistent with matching spectral acceleration. A similar
method and its implementation have also been implemented
by Mase LZ and Likitlersuang S (2021) to predict ground
motion in Northern Thailand. Mase LZ et al. (2022a)
mentioned that the method could effectively predict ground
motion for sites near the seismic station. The matched spectral
acceleration can generate the representative ground motion for
each site. In Fig. 10, the comparison between matched
spectral acceleration and recorded ground motion is generally
consistent. The PGA from the spectral matching method
varies from 0.447g to 0.532¢g for the investigated sites. Since
the position of each investigated site is relatively close to the
epicentre, the peak ground acceleration could be more
significant. The generated ground motion is used as the input
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Table 3. Ground motion parameters of the Palu Earthquake.

Parameter Direction of Acceleration Unit Reference

UD EW NS
Maximum Acceleration (PGA ;) 0.327 0.283 0.205 g Kramer SL and Stewart JP (1996)
Time of PGA 19.61 19.759 19.637 s Kramer SL and Stewart JP (1996)
Maximum Velocity (PGV ,..,) 0.758 0.649 0.763 (m/s) Kramer SL and Stewart JP (1996)
Time of PGV, 80.99 20.81 21.363 (s) Kramer SL and Stewart JP (1996)
Maximum Displacement (PGD ,,,) 42.719 28.585 29.326 (m) Kramer SL and Stewart JP (1996)
Time of PGDy,x 99.98 99.998 99.998 (s) Kramer SL and Stewart JP (1996)
V nax/ Amax 0.216 0.234 0.379 (s) Kramer SL and Stewart JP (1996)
Acceleration Root Mean Square (Accgys) 0.023 0.025 0.027 (g) Kramer SL and Stewart JP (1996)
Velocity Root Mean Square (Velgys) 0.501 0.351 0.363 (m/s) Kramer SL and Stewart JP (1996)
Displacement Root Mean Square (Dispgys) 19.96 1436.5 1306.919 (m) Kramer SL and Stewart JP (1996)
Arias Intensity (Al) 0.808 0.988 1.126 (m/s) Park YJ et al. (1985)
Characteristic Intensity (CI) 0.035 0.040 0.044 (Ie) Cabafias L et al. (1997)
Specific Energy Density (SED) 25.089 12.305 13.187 (m?¥s) Kramer SL and Stewart JP (1996)
Cumulative Absolute Velocity (CAV) 8.616 10.675 11.299 (m/s) Cabafias L et al. (1997)
Acceleration Spectrum Intensity 0.232 0.200 0.197 (g's) Von Thun JL et al. (1988)
Velocity Spectrum Intensity (VSI) 1.087 1.873 1.908 (cm) Von Thun JL et al. (1988)
Housner Intensity (HI) 107.409 202.983 201.79 (m) Kramer SL and Stewart JP (1996)
Sustained Maximum Acceleration (SMA) 0.196 0.2 0.202 (2) Nuttli OW et al. (1979)
Sustained Maximum Velocity (SMV) 0.684 0.577 0.555 (cm/s) Nuttli OW et al. (1979)
Effective Design Acceleration (EDA) 0.305 0.277 0.203 (2) Benjamin JR (1988)
Acceleration Containing 95% Al (A95) 0.323 0.279 0.202 (g) Sarma SK and Yang KS (1987)
Predominant Period (Ty) 0.120 0.260 0.380 (s) Kramer SL and Stewart JP (1996)
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Fig. 9. Intensity content for a—Energy Flux and b—Arias Intensity.

motion for seismic ground response analysis, according to the
results of the spectral matching analysis. Given that the
uncertainty in the NGA model analysis was taken into account
along with the actual ground motion record in the study area,
the ground motions produced by this study may be pertinent
to the sites.

Fig. 11 presents profiles of maximum accelerations,
pressures, and settlement values during earthquake shaking
for the investigated sites. Fig. 11a presents the results for S-1.
As shown in Fig. 11a, the excess pore pressure exceeded the
effective stress path for a relatively thick thickness. For S-1, it
is predicted to be about 15 m (liquefied zone). The excess
pore pressure is greater than the soil’s effective stress in this
zone. Evidence shows that the first three sand layers were
liquefied during the 2018 Great Indonesia Earthquake. These
sand layers are clayey sand (SC), silty sand (SM), and

gravelly sand (SG). Fig. 11b presents the results for S-2. In S-
2, the liquefaction during the 2018 Great Indonesia
Earthquake is predicted to occur from 2 m to 10 m depth and
12 to 15 m depth. Layers indicated to undergo liquefaction are
silty sand (SM) and clayey sand (SC). Fig. 11c presents the
results for S-3. Similar to both previous sites, the liquefaction
indication is also found in S-3, especially from 0 to 4 m and
20 m to 30 m. This depth range’s excess pore pressure ratio
exceeds the initial effective stress. In silty sand (SM), the
liquefaction also takes place. Fig. 11d presents the results of
the analysis for S-4. The liquefaction indication in this site is
generally found at depths 6 m to 20 m. In Fig. 11d, the excess
pore pressure exceeds the effective stress at this depth range.
Similar to other investigated sites, sand layers classified as
silty sand (SM) are relatively vulnerable to liquefaction in this
site.
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Fig. 10. Spectral matching results for a—S-1, b—S-2, ¢-S-3, and d—S-4.

3.3. Ground responses profiles

3.3.1. Pore pressure profiles

The uniform sand layer with low resistance and the large
external force from the earthquake could be why liquefaction
could happen massively in this area. This condition could be
fulfilled if groundwater deposits and soil material
permeability are available. It seems reasonable why
liquefaction in a very thick sand layer could occur. The
existence of uniform sand layers with low soil resistance
could also be why massive liquefaction in a thick sand layer
could occur in the study area. Significant liquefaction during

the 2018 Great Indonesia Earthquake could occur due to the
high permeability difference during pore water pressure
dissipation in the liquefied layer, resulting in void
redistribution in layers overlain by the low permeability layer.
This void ratio increase triggered a significant shear strength
loss in the corresponding layer (Tanjung MI et al., 2022). This
effect can be worse if a strong earthquake with a vast
magnitude of acceleration occurs (Santucci de Magistris F et
al., 2013).

3.3.2. Acceleration profiles
For S-1 (Fig. 1la), the peak ground acceleration at the
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Fig. 11. Profiles of accelerations, pressures, and settlements during seismic wave propagation for a—S-1, b—S-2, ¢c—S-3, and d-S-4.

surface is approximately 0.104g. For S-2 (Fig. 11b), the
maximum acceleration at the ground surface during the
earthquake is about 0.1g. However, a significant acceleration
is noted as 1.33g at a depth of 12 m. For Fig. 11c (S-3), the
maximum acceleration predicted at the ground surface is
about 0.1g. At a depth of 20 m, the maximum acceleration
could reach the value of 0.45g. At the ground surface in S-4
(Fig. 11d), the acceleration decreases to 0.057g. However, in
the liquefied layer, the maximum acceleration is about 0.408g.

Several studies define the liquefaction threshold as a PGA
of 0.09g (Kramer SL and Stewart JP, 1996; Santucci de
Magistris F et al., 2013). This study’s PGA of liquefied layers
is generally more significant than the threshold. Deep-level
sandy soils may liquefy if high amplitude ground motion is
applied for an extended period, according to Huang Y and Yu
M (2013). A larger PGA might be able to sustain the energy
needed to build up pore pressure continuously. It makes sense
then that liquefaction might occur at a lower depth.

3.3.3. Settlement profiles
For predicted settlement, during seismic wave propagation

in S-1 (Fig. 11a), the settlement at the ground surface could be
about 0.295 m. In contrast, in S-2 (Fig. 11b), the maximum
settlement at the ground surface is about 0.732 m. For S-3
(Fig. 1lc), The prediction of maximum settlement at the
ground surface is about 0.411 m. For S-4 (Fig. 11d), the
analysis shows that the maximum settlement at the ground
surface is about 0.630 m. The massive excess pore pressure
build-up could significantly raise the settlement due to the
granular soil compaction during shaking. The uniform sandy
soil deposits undergoing significant shaking during
earthquakes could be why settlements occur. Several studies
mentioned that the ground settlement followed by the massive
flow-side during the 2018 Great Indonesia Earthquake could
be caused by the excess pore pressure build-up and significant
acceleration from earthquake shaking. Kiyota T et al. (2020)
suggested that an upward dissipation of excess pore pressure
and void redistribution occur in the liquefied soil, followed by
ground settlement. In general, the combination of a thick sand
layer and a significant peak ground acceleration confirms why
the large settlement of the ground surface could happen
during the earthquake.
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3.4. Seismic Behaviour

This study exposes several liquefied depths for further
discussion to observe the dynamic behaviour of soils under
earthquake shaking. Figs. 12—15 present seismic behaviour for
S-1 at a depth of 2 m, S-2 at a depth of 4 m, S-3 at a depth of
3 m, and S-4 at a depth of 8 m. Figs. 12a—15a show that peak
ground acceleration in each representative depth observed
varies from 0.091g to 0.164g. In line with the PGA for
liquefaction threshold suggested by Santucci de Magistris F et
al. (2013), it can be estimated that liquefaction may occur.
Since the value of acceleration reached the threshold, it can be
reasonable why liquefaction could occur. Figs. 12b—15b show
that excess pore pressure build-up exceeds the initial effective
stress. It is also a liquefaction indication observed in the
representative layers. For an effective stress path, the effective
stress path in Figs. 12c—15c showed that there is a significant
reduction of effective stress due to excess pore pressure. The
significant decrease in the effective stress path indicates that
the soil mass loses bearing capacity and undergoes
liquefaction. In Figs 12d—15d, the flattered curve of the
hysteretic loop indicates that a non-linear response could
occur during seismic wave propagation (Pender MJ et al.,
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2016). Shear strength is reduced when the shear modulus is
reduced. Effective stress and shear strength are connected to
the liquefaction phenomenon. As a result, decreasing the
effective stress also lowers the shear modulus, which
increases the possibility of liquefaction (Zhuang HY et al.,
2018).

In Figs. 12e—15¢, the spectral acceleration comparison is
presented. For S-1 at a depth of 2 m (Fig. 12¢), it can be
observed that spectral acceleration is within the updated
spectral acceleration. Additionally, Fig. 13¢ shows that the
spectral acceleration in S-2 at a depth of 4 m is greater than
the design spectral acceleration at a period of 2 s. It suggests
that the impact of ground motion propagation may be
considerable for high-story buildings. The comparison of
spectral acceleration is done in Fig. 14e. The figure shows
that, over an extended period, spectral acceleration at 4 m
deep exceeds design spectral acceleration. Thus, the
propagation of seismic waves may significantly affect tall
buildings. The comparison of spectral acceleration is also
shown in Fig. 15¢. The spectral acceleration from the seismic
ground response analysis can be seen to exceed the design
spectral acceleration over an extended period, much like other
previously studied sites.
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Fig. 12. Dynamic behaviour at a depth of 2 m in S-1. a—Time-history acceleration; b—excess pore pressure; c—effective stress path; d—hys-

teretic loop; e—spectral acceleration.
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3.5. Significant liquefaction duration

This study predicts significant liquefaction duration
(SDq) based on Arias Intensity (Al). Al and energy flux can
be generated from the ground motion in the liquefied layer.
Based on those two variables, (SDy;q) can be estimated. The
prediction is based on the initial time of liquefaction and the
end time of liquefaction. The Arias intensity in the liquefiable
layer is also presented. Prediction of Arias Intensity at the
initial time of liquefaction and the end time of liquefaction are
estimated. From both arias intensity and time, significant
liquefaction duration (SDy4,) is predicted by calculating the
gap.

Fig. 16 shows that for the depth on each investigated site,
the initial liquefaction time generally occurs from 14.26 s to
19.93 s. Liquefaction in each investigated depth generally
stops at the observed time, varying from 31.97 s to 100 s.
Therefore, the liquefaction duration in the representative
depth in each investigated site is observed to vary from 15.19 s
to 81.69 s. In the depth of the sites under investigation, the
minimum Al required to initiate liquefaction ranges from
25.767% to 72.952%, while the maximum Al required to do
so is observed to range from 93.246% to 100%. Based on the
analysis, it is estimated that S-4 has the shortest liquefaction
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duration at a depth of 8 m. The longest liquefaction duration
is recorded in S-3 at a depth of 2 m. As stated differently,
shallow sandy soils may experience the longest duration and
vice versa.

Fig. 17 presents the correlation between Al values during
liquefaction for representative sites and energy flux. Al values
are crucial in understanding the energy flux required to trigger
liquefaction. The figure shows that the Al required to trigger
initial liquefaction is about 25% to 73%, and the Al required
for final liquefaction is about 93% to 100% for the
representative liquefaction depth. These values indicate the
energy flux required for triggering liquefaction, which is
about 902 cm?/s to 1419 cm%/s, and for final liquefaction,
timing is about 2,083 cm?/s to 199,853 cm?/s. The analysis
shows that the energy flux for a deeper liquefiable layer tends
to be smaller than a shallow liquefiable layer. The results also
show that the liquefaction duration for a shallow liquefiable
depth tends to be longer than a deeper one, as presented in
Fig. 18.
hazard and

3.6. Liquefaction  damage, assessment,

countermeasure effort

The analysis results show that liquefaction during the
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Fig. 13. Dynamic behaviour at a depth of 4 m in S-2. a—Time-history acceleration; b—excess pore pressure; c—effective stress path; d—hys-

teretic loop; e—spectral acceleration.


https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067
https://doi.org/10.31035/cg2024067

168 Mase et al. / China Geology 9 (2026) 152—-174

05 (a) ; PGA,,,=0.491 g
2 03
o
= 0.1
E o
< 0.1 .
8 Input motion
< 03 —— At 2 m depth
-0.5 ; ; ; ; + ; ; ; ;
10 20 30 40 50 60 70 80 90 100
Time/s
<
=¥ At 2 m depth
=
S oMot ]
g
= —— Effective stress path

S
éu--(b)
o 9% At 2 m depth
2 6%
8 Excess pore pressure
~ 3 ) o Initial effective stress

0 } } } } } } } } }

0 10 20 30 40 50 60 70 80 90 100
Time/s

4 .
g (d) At 2 m depth
S of
gy -
g-2f
= i
17 I

-30 24 -18 -12 -6 O 6 12 18 24 30
Shear strain/%

1©

Spectral acceleration/g

0.01

At 2 m depth
Input motion
Site class C (SNI 1726-2019)
T----- Site class D (SNI 1726-2019)
------------- Site class E (SNI 1726-2019)

0.01 0.1

1 10

Period/s

Fig. 14. Dynamic behaviour at a depth of 2 m in S-3. a—Time-history acceleration; b—excess pore pressure; c—effective stress path; d—hys-

teretic loop; e—spectral acceleration.

2018 Great Indonesia Earthquake in Palu was highly
significant. The combination of strong ground motion and
extended duration triggered deep and extensive liquefaction in
the study area. Several previous studies have confirmed that
liquefaction caused various types of damage. Triyono R et al.
(2024) reported that deep cyclic mobility liquefaction in Palu
occurred during the mainshock and subsequent aftershocks
within 25 minutes. They also suggested that geological
structure, groundwater level, and earthquake risk play
essential roles in triggering liquefaction.

Multiple studies, including those by Kusumawardani R et
al. (2021), Zhao B (2021) and Tanjung MI et al. (2023), have
emphasized that the earthquake led to flow liquefaction,
particularly in hilly areas with gentle slopes. Bradley K et al.
(2019) stressed that the 2018 liquefaction in Palu and its
devastating impacts could have been avoided if not for a
raised water table, especially on hilly slopes. Neglecting the
earthquake-triggered landsliding of gentle, irrigated alluvial
slopes poses a significant hazard. The dense settlements in
hilly to plain areas in Palu heighten the risk of liquefaction.
Urgent attention is needed to address the shallow
groundwater, which contributes to a higher liquefaction
potential. Consequently, the impacted area is primarily

characterized by loose and saturated alluvial-sedimented
materials.

The liquefaction in Palu highlights the critical importance
of hazard assessment before construction. Understanding
geological characteristics and the risk of liquefaction during
an earthquake should be thoroughly achieved. Additionally,
site investigations to obtain soil characteristics should be
enforced. These investigations can provide general
information on liquefaction potential, which can inform land-
use policy recommendations. Engineers can refer to the
liquefaction hazard map when determining suitable
foundations. Spatial development based on seismic hazard
mitigation, especially liquefaction, should be prioritised.

In line with the liquefaction potential analysis, the
countermeasure to reduce the liquefaction potential should be
performed to anticipate severe damage if a large earthquake
occurs. In line with this condition, Gomez-Martinez F et al.
(2020) suggested that the enforcement of foundation design
considering the potential impact of liquefaction should be
addressed. Brevik and Miller EC (2015) and Vessia G et al.
(2021) stated that a detailed geological study should improve
soil resistance for areas with high seismic impact potential. In
addition, liquefaction would lead to significant damage in
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areas dominated by loose sandy soils, mainly if the areas are
generally centralised for infrastructures and housing. Spatial
development based on seismic hazard and integrated
liquefaction assessments can be first performed (Mase LZ,
2024). In general, information on liquefaction susceptibility is
essential for countermeasure action. Several methods, such as
geotextile infiltration (Indhanu T et al., 2023), partial
saturation (Seyedi-Viand SM and Eseller-Bayat EE, 2022),
drainage (Farzalizadeh R et al., 2021) and wasting materials
innovation (Hazarika H et al., 2021) could be alternatives to
mitigate liquefaction.

4. Conclusions

Several conclusions can be drawn in the following,

(1) Seismic ground motion, which refers to the movement
of the ground during an earthquake, significantly contributes
to the earthquake’s impact. Ground motion in the vertical
direction (UD) significantly affects and damages the study
area. This vertical ground motion can lead to soil liquefaction,
where soil loses its strength and behaves like a liquid, causing
significant damage to structures and infrastructure.

(ii)) The contribution of a significant peak ground
acceleration and the geological condition of the study area

could trigger liquefaction significantly. The potential impact
of liquefaction, particularly near the ground surface, should be
a cause for concern, as it could lead to a sudden massive
displacement during an earthquake.

(iii) Based on the analysis, deep liquefaction could occur
during the earthquake. To minimise the impact, liquefaction
countermeasures should be implemented. This proactive
planning is crucial, and the government should enforce the
importance of site investigation to learn the geological
characteristics and potential seismic damage in the study area.

(iv) This study found a connection between energy flux,
Al and the significant duration of liquefaction (SDyj,). A
longer liquefaction duration tends to happen for sandy layers
on the ground surface and vice versa. This study found that a
smaller gap of AI for liquefaction time indicates a short
duration of liquefaction. A short duration means a smaller gap
of energy flux released for liquefaction.

(v) An experimental test should be performed to
investigate liquefaction resistances and parameters. The
liquefaction resistance could be justified in the analysis to
determine liquefaction parameters for better data for the
experimental tests that would produce better results in
The experimental obtain detailed

analysis. test to
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characteristics of liquefaction resistance can be obtained. It
will be presented in further studies.
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