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Abstract: This paper presents the results of the subsurface investigation and liquefaction assessment
of the Petobo flowslide, induced by soil liquefaction during the Mw 7.5 Palu–Donggala earthquake
of Indonesia on 28 September 2018. The investigations, including drilling, standard penetration tests,
electrical resistivity imaging survey, dynamic probing, groundwater table monitoring, etc., were
conducted along the main road that passes through the middle of the flowslide area. Liquefaction
assessments and flowslide simulations were carried out with three assumed scenarios. Scenario
1 describes the condition if the flowslide were to be retriggered at the cease of sliding due to the same
earthquake striking the site. Scenarios 2 and 3 attempt to examine the influence of locally raised
groundwater levels due to the infiltration of the Gumbasa irrigation system and widespread paddy
fields of the site as a result of soil liquefaction and the flowslide. Subsurface investigations revealed
that, within a 30-m depth of the ground, the sliding area generally consists of sandy deposits of
SM/SP/SW, except for the toe portion where thick layers of silt (ML) and clay (CL) were found.
The results of field testing and liquefaction assessment identify potentially weak and liquefiable
zones which enable the construction of a speculated slip surface for the flowslide. Both liquefaction
assessment and flowslide simulations verify that soil liquefaction would be triggered during the
earthquake as a result of locally raised groundwater tables, and that a gentle slope (≈3◦) that provides
static shears would lead to long-distance sliding after shaking. Should the locally raised groundwater
tables not exist, the results indicate no soil liquefaction and no flowslide.

Keywords: subsurface investigation; liquefaction assessment; flowslide simulation; Petobo liquefaction;
Palu–Donggala earthquake

1. Introduction

A series of long-distance slides of gently sloping ground induced by soil liquefaction
occurred in Palu area, Sulawesi, Indonesia, during the Mw 7.5 Palu–Donggala earthquake of
28 September 2018. The slides caused thousands of buildings and infrastructures to collapse,
settle, tilt, rotate or drift away [1–8]. The National Agency for Disaster Management [9]
also reported that thousands of people had gone missing or lost their lives, which caused
the disaster to be classified as the worst in the world in 2018.

Petobo was one of the sites in the Palu bay area that were seriously damaged due
to this earthquake, resulting in significant ground movements with a sliding distance
of more than 800 m. The sliding caused an area of approximately 1.64 km2 in size of
the Petobo village to be swept away [8]. In the last five years, some researchers have
revealed the mechanism of the Petobo flowslide. Field reconnaissance was carried out by
several researchers, who speculated that the Gumbasa irrigation canal, as well as the wet
agricultural land (paddy fields), played an important role during the incident. Additionally,
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Kusumawardani et al. [8] presented a morphological zonation along Moh Soeharto road,
the east–west main road of the Petobo site, describing the observed surface conditions
and possible mechanism of the sliding in accordance with the terminologies proposed by
Hungr et al. [10]. Previous studies have attempted to reveal the subsurface condition of the
site, but results were relatively limited. Kiyota et al. [7] and Mason et al. [11] conducted
portable dynamic cone penetration tests (DCPT) and piezocone penetration tests (CPTu),
respectively, in their studies. The investigation by Kiyota et al. [7] showed that the stratified
soil was less than 5 m deep. Additionally, Mason et al. [11] conducted parallel CPTu outside
of the main area affected by liquefaction. The Japan International Cooperation Agency and
PT Indra Karya [12] performed some drilling, standard penetration tests (SPT) and Swedish
sounding near the crown and toe of the slide. These studies supplemented additional data
to describe the condition at the flowslide area.

We developed a hypothesis to prove the contributing factors that resulted in soil
liquefaction and caused the huge flowslide during the major earthquake. The contributing
factors included the unlined Gumbasa Irrigation Canal and the widespread wet paddy that
promoted continuous water leakage and hence raised the groundwater table close to the
surface of the site.

Based on this hypothesis, this paper aims to provide a more thorough interpretation
of the subsurface material profile along the main road of the Petobo site, in order to assess
the liquefaction potential of onsite soils, and to examine the mechanism of the flowslide in
relation to the influence of the Gumbasa irrigation canal and wet paddy fields. The UNNES-
YunTech team collaborated to conduct a thorough investigation for this study, which started
in mid-2019. The investigation program included borehole drillings, SPTs with hammer
energy measurement, field permeability testing, groundwater table (GWT) monitoring,
dynamic (GCO) probing and electrical resistivity image (ERI) surveying. Moreover, digital
elevation model data from the Center of Data and Information Technology of Indonesia [13]
were utilized to create pre- and post-slide profiles.

To evaluate the effect of the infiltration of the irrigation system and paddy fields
on soil liquefaction and flowslide, three analysis scenarios were adopted by assuming
various slope geometries and groundwater conditions. With these scenarios, liquefaction
analyses of boreholes as well as flowslide simulations were carried out. By combining the
information of onsite probing and sounding, liquefaction assessment provided potential
zones of liquefaction, which enabled the construction of a speculated slip surface for the
flowslide. Flowslide simulations adopted the slip surface geometry and were performed to
examine the phenomena of a flowslide for the analysis scenarios, which would hopefully
provide a better understanding of the causes and mechanism of the Petobo slide.

2. Study Site

Palu is the capital city of Central Sulawesi, Indonesia, with a population of more than
300,000 people. The city has an elevation of around 20–80 m above the mean sea level, with
an annual rainfall of approximately 1500 mm. According to Risna [14], the morphology
of Palu city is generally smooth with a gradient of 0~5% in the bay area and 5~15% along
the hillsides.

Figure 1 shows the locations of long-distance slides observed in Palu city and its
surroundings due to this earthquake, including Balaroa, Petobo, Jono Oge and South
Sibalaya. Balaroa and Petobo slides are located within Palu city border, and Jono Oge
and South Sibalaya slides are situated in Sigi regency. The slides in Petobo, Jono Oge
and South Sibalaya are adjacent to and below the Gumbasa irrigation canal, as shown in
Figure 1, which was mostly unlined but was constantly full of water during and prior to
the earthquake [1,7,11].
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This paper will focus on the Petobo slide, which is located around 500 m to the
south of Mutiara Al Juffire airport, the international airport of Palu city. As can be seen
in Figures 1 and 2, the footprint of the sliding area is approximately 1.64 km2, with an
elongated shape that extends approximately 2.4 km in the EW direction. The transverse
(NS) widths in the eastern and western portions of the area are 1.3 km and 0.65 km,
respectively. The general gradient of the pre-slide surface of the sliding footprint was less
than approximately 3◦ dipping towards the west.Sustainability 2023, 15, x FOR PEER REVIEW 4 of 29 

 

 
Figure 2. Location of various types of field investigation conducted near Moh. Soeharto road of the 
study area.  

Along the crown (east boundary) of the sliding area, the Gumbasa irrigation canal 
runs from south to north, making a sharp turn to the west, going through the NE portion 
of the area, and then existing at the north sliding boundary. 

To gain a better understanding of the mechanism of the slide, Kusumawardani et al. 
[8] characterized the morphological zonation of the Petobo site. They divided the site into 
four major zones: ground slide (GS), liquefaction spread (LS), liquefaction flow (LF), and 
debris flood (DF). In this paper, we adopt these characterizations and use them as a basis 
for subsurface investigation and liquefaction assessment along the main road of the Pe-
tobo sliding area. 

3. Geological Setting 
The island of Sulawesi is situated at a triple junction of the Pacific, Indo-Australian 

and Eurasian plates [15,16]. Its geological history is characterized by subduction, exten-
sion, obduction, and collision [17]. The most active fault of the island, the Palu–Koro fault, 
with a length of around 550 km , traverses through Palu city and divides the island into 
the Makassar and North Sula regions [18]. The estimated average slip rate of the fault is 
approximately 34 mm/year [19].  

The Palu bay area sits on two rock formations, Celebes Molasse of Sarasin and Sarasin 
(QTms) and Alluvium and Coastal Deposits (Qap) [20]. The QTms and Qap are of mid-
Miocene age and Holocene age, respectively. The QTms consists of weakly consolidated 
conglomerate, sandstone, mudstone, coral limestone, and marl. Gravel, sand, mud, and 
coral limestone are included in this formation. The latest geological map of Palu and the 
surroundings was proposed by Hanifa [21]. Based on the map, the Petobo flowslide area 
is located at the junction of the formation of an Old Alluvium Fan deposit (Qf2) and the 
formation of the Alluvial, Flood and Old River Channel deposit (Qal) of the Palu river 
valley. Kiyota et al. [7] constructed trenches through the scarps of the Petobo slide and 

Figure 2. Location of various types of field investigation conducted near Moh. Soeharto road of the
study area.



Sustainability 2023, 15, 5371 4 of 26

Along the crown (east boundary) of the sliding area, the Gumbasa irrigation canal
runs from south to north, making a sharp turn to the west, going through the NE portion
of the area, and then existing at the north sliding boundary.

To gain a better understanding of the mechanism of the slide, Kusumawardani et al. [8]
characterized the morphological zonation of the Petobo site. They divided the site into
four major zones: ground slide (GS), liquefaction spread (LS), liquefaction flow (LF), and
debris flood (DF). In this paper, we adopt these characterizations and use them as a basis
for subsurface investigation and liquefaction assessment along the main road of the Petobo
sliding area.

3. Geological Setting

The island of Sulawesi is situated at a triple junction of the Pacific, Indo-Australian
and Eurasian plates [15,16]. Its geological history is characterized by subduction, extension,
obduction, and collision [17]. The most active fault of the island, the Palu–Koro fault,
with a length of around 550 km, traverses through Palu city and divides the island into
the Makassar and North Sula regions [18]. The estimated average slip rate of the fault is
approximately 34 mm/year [19].

The Palu bay area sits on two rock formations, Celebes Molasse of Sarasin and Sarasin
(QTms) and Alluvium and Coastal Deposits (Qap) [20]. The QTms and Qap are of mid-
Miocene age and Holocene age, respectively. The QTms consists of weakly consolidated
conglomerate, sandstone, mudstone, coral limestone, and marl. Gravel, sand, mud, and
coral limestone are included in this formation. The latest geological map of Palu and the
surroundings was proposed by Hanifa [21]. Based on the map, the Petobo flowslide area
is located at the junction of the formation of an Old Alluvium Fan deposit (Qf2) and the
formation of the Alluvial, Flood and Old River Channel deposit (Qal) of the Palu river
valley. Kiyota et al. [7] constructed trenches through the scarps of the Petobo slide and
found interbedded layers of gravelly, sandy, or silty alluvial deposits. Kiyota et al. [7] also
performed chronological dating and found that the alluvial sediments of the sliding area
were formed around 1000–2000 years ago.

4. Seismic Motion

The ground shaking of the 2018 Palu–Donggala earthquake was recorded at a few
seismic stations, with Mapaga station and Palu station being closer to the locations of
flowslide incidents in the Palu bay area. Mapaga station is located at 0.3374◦ north latitude
and 119.898◦ east longitude, with a distance of 57 km to the north of the epicenter (Figure 1).
The peak ground accelerations (PGAs) at this station were recorded as 0.086 g, 0.142 g, and
0.096 g, in the EW, NS, and UD directions, respectively [22].

The Palu station is located at Balaroa of Palu City, with the coordinates of −0.9054◦

south latitude and 119.8366◦ east longitude, and around 80 km to the south of the epicenter
(Figure 1). The Petobo site is to the southeast of the Palu station with a distance of around
9 km. Based on studies of Thein et al. [15], the depth of bedrock at Palu station is approxi-
mately 230 m below the ground. The peak ground accelerations recorded at this station
were 0.207 g, 0.280 g, and 0.338 g, respectively, in the EW, NS, and UD directions [22]. Based
on suggestions by Kiyota et al. [7], the maximum horizontal vector acceleration at Palu
station that considered both the EW and NS components of the shaking was 333 gal (0.34 g),
which was therefore adopted in the soil liquefaction assessment of this study.

5. Methods
5.1. Electrical Resistivity Imaging

An electrical resistivity image (ERI) survey was adopted as a non-destructive and non-
invasive method to identify the lateral and vertical extents of the type of earthen materials
with different resistivity values [23]. The resistivity value of earthen materials at the site
is influenced by several factors, including the mineral components, degree of saturation,
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material density, void or cavity, and pore fluid content, etc. [24]. In this investigation, ERI
data were utilized to estimate the lateral soil distribution based on the resistivity value.

Six profiles of the ERI survey were conducted approximately along the main road at
the Petobo site (Figure 2) using the combination of Wenner and Schlumberger arrays, with
an electrode spacing of 8 m and potential probes at 13 times of the electrode spacing. The
Wenner–Schlumberger array was chosen because it provides a better signal strength [25]
and a moderate sensitivity to the vertical and lateral structures [26,27]. The Res2DInv
software was used to invert the data and obtain the true resistivity of materials [28]. After
several iterations, a good fit with a root mean square (RMS) error of less than 10% in terms
of the resistivity value could be achieved for each of the measurement points. Finally,
two-dimensional (2D) apparent resistivity contours of the survey profile were established
by using the inverse distance weighting (IDW) interpolation method.

5.2. Boring and In-Situ Testing

The hammer for standard penetration testing (SPT) should have a mass of 140 pounds
(63.5 kg) and a free drop of 30 inches (0.76 m) before hitting the anvil. Various types of
hammer and drop systems deliver different hammer energies on drilling rods and the split
spoon sampler, and thus cause dissimilar values of the blow count (N-value). Seed et al. [29]
suggested that, for liquefaction assessment, the measured SPT blow counts should be corrected
to a reference energy ratio (ER) of 60%, with respect to the theoretical value of 473.4 Joules.

To evaluate the ER values for this study, the hammer energy was measured during SPT
by installing accelerometers and strain gauges on the drilling rods. Through the integration
of recorded accelerations and strains over time, the stress wave velocities and axial forces
could be obtained, respectively, which enabled the computation of the energy delivered for
each of the hammer drops [30,31]. In this study, we adopted the SPT Analyzer, a device
from Pile Dynamics, Inc. (Cleveland, OH, USA), for the evaluation of ER values, and hence
the normalized SPT blowcounts of 60% (N60), for the subsequent liquefaction assessment
of the Petobo site.

During February 2020, we constructed five boreholes (BH-1–BH-5) along the main
road (Moh Soeharto) of the Petobo site, as seen in Figure 2. The advance depth of the
boreholes varied between 20 m and 24 m. SPTs were conducted at 1.5 m depth intervals. In
BH-1, BH-2, and BH-3, the hammer energy for each of the SPT blowcounts was measured,
with ER values of 70.9%, 70.4%, and 64.8%, respectively. For BH-4, BH-5, and LP-3, however,
an average ER value of 68.7% was adopted. The borehole LP-3 with an SPTs interval of 1 m
was constructed by the Japan International Cooperation Agency and PT Indra Karya [12]
and was considered in this study.

Dynamic (GCO) probing is commonly used in Hong Kong for assessing the quality
of compaction and the depth of hard layers [32]. The device comprises a sectional rod
fitted with a cone tip at the end and is driven manually into the ground by a 10 kg dead
weight dropping at a constant distance. During the probing, the number of blowcounts per
100 mm penetration (GCO-N value) is recorded.

The GCO probing test and additional data from other sources, including the results
of Swedish sounding from the Japan International Cooperation Agency and PT Indra
Karya [12], DCPT from Kiyota et al. [7], and CPTu from Mason et al. [11], were used as
additional data to interpret soil stratification. The location of all the tests performed is
presented in Figure 2.

5.3. Groundwater Level Monitoring

To verify the seasonal effect, groundwater monitoring was conducted periodically
after the drilling for a period of one year. The onsite monitoring activities were started in
early 2020, which was more than one and a half years after the sliding incident occurred.
The Gumbasa irrigation system was destroyed and was no longer in use after the slid-
ing (Figure 3), so the local people who survived the earthquake were relocated and the
widespread paddy fields were abandoned. Accordingly, the monitoring results of this
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study represent a groundwater condition with no influence from the anthropogenic factors
that led to the infiltration of water and hence the rise in local groundwater level at the
Petobo site.
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Figure 3. The Gumbasa irrigation canal after slide (a–d). The point of view of photo location can be
seen in Figure 2.

5.4. Scenarios for Assesment and Simulation

Due to the effects of the Gumbasa irrigation system as well as the widespread wet-
paddy fields that would have influenced the groundwater of the region, the infiltration and
raising of the local groundwater table, in association with the earthquake shaking, thus
become important issues with regard to the soil liquefaction and subsequent flowslide of
the site [1,2]. In order to envisage the potential effect of the groundwater table and slope
geometry on the sliding, three analysis scenarios are assumed. Table 1 shows the analysis
scenarios adopted for liquefaction assessment and flowslide simulations in this study.

Table 1. Analysis scenarios for liquefaction assessment and flowslide simulation.

Scenario Geometry Timing and GWT

(1) Post-slide The condition at the cease of sliding if the same earthquake (M = 7.5, PGA = 0.34 g)
strikes the site again (post-slide geometry; high GWT)

(2) Pre-slide
The condition when the localized high-raised GWTs, due to the influence of

Gumbasa canal, irrigation system and paddy fields, existed at the time of
earthquake (pre-slide geometry; high GWT)

(3) Pre-slide The condition when the local GWTs were not affected by the canal and paddy
fields/irrigation system at the time of earthquake (pre-slide geometry; low GWT)
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Scenario 1 represents a situation with post-slide slope geometry and high groundwater
level, adopted to evaluate the potential re-initiation of liquefaction or sliding if the same
earthquake hits the site again. Scenario 2 is used for pre-slide slope geometry and a high
groundwater table at the time this earthquake and sliding incident occurred, to assess
the soil liquefaction and flowslide of the Petobo site due to the shaking, in consideration
of the influence of the Gumbasa irrigation canal and wet paddy fields on locally raised
groundwater table. Scenario 3 represents the condition of pre-slide slope geometry and a
low groundwater table with the aim to examine the liquefaction and flowslide of the site
due to earthquake shaking without the influence of the Gumbasa irrigation canal and wet
paddy fields. These scenarios have been considered in the liquefaction assessment and
numerical simulations of this study.

5.5. Liquefaction Assessment

The factor of safety against liquefaction (FL) is defined as the fraction of the cyclic
resistance ratio (CRR) to the cyclic stress ratio (CSR), i.e., FL = CRR/CSR. The CRR denotes
the resistance of soil and the CSR indicates the cyclic shear stress introduced by earthquake
shaking, both of which are normalized by the initial effective stress at the depth of concern.
Generally, FL is calculated at consecutive depths of a deposit, to a maximum depth of
computation of around 20 m where soil liquefaction would most likely occur. With the
computed FL profile of a borehole, we are able to identify the depth zones where soil
liquefaction would be possible. If the FL profiles of a series of boreholes along an analysis
cross-section are available, the identified liquefaction zones of the boreholes can provide
a basis for the construction of a potential sliding surface in the cross-section for a given
scenario of earthquake shaking and groundwater conditions.

Several methods of analysis for soil liquefaction are available, for which the SPT-N-
based simplified empirical approach appears to be most commonly used in academia and
industry. In this study, we considered the Seed/NCEER [33] and JRA [34] methods based
on the SPT-N approach for the liquefaction assessment of the Petobo site.

The Seed/NCEER method was first introduced by Seed and Idriss [35]. The method
has been modified several times in the past (e.g., [29,36–38]). The current version of the
method was updated by the NCEER and NSF workshops of 1996 and 1998 [33].

Unlike Seed/NCEER, the JRA method considers gravelly soils in the liquefaction
evaluation. The JRA method was first introduced in 1990 [38], where the cyclic resistance
of soils was developed based on the results of the laboratory testing of in situ samples. In
the updated version of the method, the cyclic resistance of gravelly soils was established
based on the limited laboratory results of frozen samples [34].

In liquefaction analysis, the CSR evaluation is based on the groundwater table during the
earthquake (GWT), for effective stress calculation and normalized cyclic stress due to shaking.
In CRR evaluation, the groundwater table during drilling (GWT0) should be used for the
correction of effective overburden and the SPT-N1 value, as suggested by Chang et al. [39]. In
accordance, two groundwater tables have been considered, and the terms GWT and GWT0
are adopted in this study.

5.6. Flowslide Simulation

The liquefaction assessment discussed above would indicate conditions of soil liq-
uefaction in the deposit during earthquake shaking. It would not be able to provide this
information, however, if the flowslide was triggered as well as the process of sliding. To
gain a better understanding of the 2018 Petobo flowslide, the numerical software, LS-Rapid,
was adopted for the simulation of the various analysis scenarios discussed previously.

LS-Rapid, a piece of flowslide simulation software, was initially proposed by Sassa [40]
and then updated in 2004 [41]. LS-Rapid is capable of investigating the sliding behavior
of slopes subjected to earthquake shaking or rainfall infiltration, which considers the
triggering factors to be seismic inertia force or excess porewater pressure, as well as the
strength reduction of materials and the dilation effect of sliding mass [42]. The deformation
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and the displacement of sliding mass are analyzed and computed with respect to time.
The software also has the ability to simulate rapid and long-travelling flowslides. The
computation concept of the software is speaks to the determination of where the flowslide
might start, and to where the flowslide may develop and cease in a massive region [43]. The
LS-Rapid has the feature of strength reduction through deformation and gradual failure.

The condition of a moving mass, as adopted in LS-Rapid, is based on Newton’s second
law of motion. Accordingly, the forces applied on a typical soil column of a moving mass,
as shown in Figure 4, shall satisfy the following equation [42,44]:(→

W +
→
Fv +

→
Fx +

→
Fy

)
+

∂
→
Px

∂x
∆x +

∂
→
Py

∂y
∆y

+
→
R = m×→a (1)

where
→
W and m are the weight and mass of the soil column, respectively;

→
Fv,
→
Fx and

→
Fy the

seismic forces;
→
Px and

→
Py are the lateral contact forces;

→
R is the shear resistance at the base;

and
→
a is the acceleration of the soil column.
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6. Results
6.1. Groundwater Monitoring

Figure 5 and Table 2 show the results of groundwater monitoring for a period of one
year. BH-1 is located beyond the crest and to the east boundary of the sliding footprint
(Figure 2). The results indicate that the groundwater level was less influenced by the
seasonal effect due to rainfall. However, the depth of the groundwater at this location
is significantly lower (∼=−13 m deep) than at the time of the earthquake, in view of its
proximity to the Gumbasa canal and the nearby wet paddy fields which were constantly
full of water prior to the sliding [8].

Table 2. Results of groundwater monitoring.

Borehole Number
Groundwater Table (m) (Depth from the Ground Surface)

Max Min Average

BH-1 −13.63 −12.75 −13.18
BH-2 −0.38 +0.34 −0.05
BH-3 −4.70 −2.60 −3.83
BH-4 −0.30 +0.25 −0.01
BH-5 −3.30 −0.24 −1.70
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BH-4 and BH-2 are situated at the eastern and middle portions, respectively, of the
sliding area (Figure 2). The results of the monitoring show that the groundwater levels
are very close to the post-slide ground surface, which was evidenced through the onsite
reconnaissance by Kusumawardani et al. [8], showing that ponds and wetlands are often
found in these areas. By comparison with its pre-slide geometry, the current elevation at
BH-4 (in the eastern portion) is approximately 6 m below the pre-slide level, while the
current elevation at BH-2 (in the middle portion) is about the same as its pre-slide level.

BH-5 and BH-3 sit in the western portion of the sliding footprint (Figure 2), which
was covered by the debris materials transported from the upstream [8]. The elevations at
BH-5 and BH-3 are approximately 2.5 m and 6.5 m, respectively, above the pre-slide ground
surface. The results of monitoring indicate that the groundwater levels are obviously floc-
culated with respect to the seasonal rainfall, with maximum differences in the groundwater
level of 2~3 m. The depth of the groundwater table at these monitoring points is only a few
meters below the ground as verified by Kiyota et al. [7], implying that the groundwaters
were likely to have been very shallow, approximately 1~2 m in depth, in the western (toe)
portion of the sliding footprint prior to the earthquake.

6.2. ERI Profiles

The results of electrical resistivity imaging (ERI) and borehole logs are shown in
Figures 6–8. The images, with RMS errors in resistivity of less than 10%, are presented
with all cross-sections facing north. Each ERI section depicts some distinct features of the
flowslide mass. As seen in Table 3, four groups of resistivity values were measured and clas-
sified as low (<12 ohm-m), moderate–low (12~20 ohm-m), moderate–high (20~60 ohm-m)
and high (>60 ohm-m). The resistivity groups were determined by comparing the resistiv-
ity categories as proposed by Palacky [45], Meads et al. [46], and Lee et al. [47] with the
borehole data. Due to lateral offset in space and accuracy in sounding for the ERI profiles
and the associated borehole logs, there might exist some discrepancies in the interpretation
of the type of earthen materials that were encountered in the Petobo site.
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Table 3. Interpreted correlation of soil type and resistivity value.

Resistivity Value (ohm-m) Resistivity Classification Soil Type Interpretation

<12 Low sandy SILT/SILT/silty CLAY/CLAY/sandy CLAY
12–20 Moderate–low silty SAND
20–60 Moderate–high gravelly SAND/SAND (saturated)
>60 High sandy GRAVEL/gravelly SAND (dry)

Figure 6 shows the resistivity profiles of EW-C1 and EW-C2, with the boreholes BH-1
and BH-4, respectively. Profile EW-C1 was measured on the ground slide zone (GS) and the
liquefaction spread zone (LS-1), as identified by Kusumawardani et al. [8]. Profile EW-C2,
a continuation of EW-C1, was measured in the liquefaction flow zone (LF-1). From the
profiles, it can be seen that the horizontal offsets of BH-1 and BH-4 are around 29 m and
183 m, respectively. The high resistivity values (>60 Ohm-m) as found in profile EW-C1
correspond to layers of dry sands and gravels. Considering the number of cracks visible on
the GS and LS surfaces, as indicated by Kusumawardani et al. [8] and later in Figure 9, this
profile clearly presents some disruptions and fractures at a shallower depth of the ground,
ground which had been desiccated for a long time since the sliding. Further to the west,
profile EW-C2 shows that the shallow ground of the LF zone is covered with gravelly and
silty sands of moderate–low to moderate–high resistivity. The surficial layers of the profile
are indicative of the liquefied materials that were transported from the upstream side, with
relatively uniform distribution and less disruptions across the site.

Figure 7 shows the resistivity profiles EW-C3 and EW-C4, with boreholes BH-2 and
BH-5, respectively. According to Kusumawardani et al. [8], Profile EW-C3 sits along the
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junction of the liquefaction flow zone (LF-3) and debris flood zone (DF-1a), while profile
EW-C4 is on the debris flood zone (DF-2). From the associated profiles, it can be seen that
the horizontal offsets of BH-2 and BH-5 are approximately 99 m and 134 m, respectively.
In profile EW-C3, high and moderate–high resistivity values, corresponding to gravelly
sands or sandy gravels, are found to the east portion of the profile, probably due to a
mixture of the onsite construction debris with the upstream liquefied soils. Profile EW-C4
and the middle portion of profile EW-C3 consist of moderate–low to low resistivity values,
indicating that the surface materials of these profiles are most likely silty sands or sandy
silts as a result of the liquefied debris from upstream.
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Figure 8 shows the resistivity profiles of EW-C5 and EW-C6 and the associated borehole
BH-3. The horizontal offset of BH-3 to profile EW-C5 is approximately 121 m. Based on
Kusumawardani et al. [8], these profiles sit in the debris flood zone (DF-2). The surficial
deposit of these profiles comprise silty sand, sandy silt or silty clay, with moderate–low to
low resistivity. As in profile EW-4, the deposited materials of these areas are most likely the
transported debris from the liquefied upstream site.

6.3. Material Stratification

Figure 10 shows the results of GCO probing, located on the eastern portion of the
road (Figure 2). The results indicate that the firm in situ layers are generally situated
at a depth of 8~10 m below the post-slide ground. With the aid of other probings, i.e.,
the SPT-N profiles of boreholes current study [12], DCPT blowcounts [7], and Swedish
soundings [12], as well as the ERI profiles of onsite materials discussed above, these results
enable the establishment of an approximate boundary that delineates the junction between
the relatively disturbed/loose sliding mass and the relatively undisturbed/firm in situ
ground. Moreover, as will be discussed shortly, the liquefaction assessment results would
be able to further verify whether the speculated boundary is the potential slip surface of
the 2018 Petobo slide.

Certain criteria need to be considered during geological profile correlation. Firstly,
BH-1 and LP-3 are located in relatively stable areas in which the soil layer is not susceptible
to moving. Secondly, BH-3 and BH-5 are also situated in a stable area even though the
debris material covers the existing ground. In the pre-slide geological profile, the debris
material is not present, while in the post-slide geological profile, the debris material is
considered to be the flowslide material. Finally, BH-2 and BH-4 are situated in the zones of
liquefaction, hence the geological profile underneath the slip surface is considered stable.
The post-slide geological profile below the slip surface is associated with a stable area,
whereas the portion above the slip surface consists of flowslide mixtures.
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The results of the subsurface investigation are summarized and interpreted in
Figure 11. Figure 11a shows the material stratification with the post-slide slope geom-
etry of the site. Based upon the speculated boundary of the sliding mass and in situ ground,
the figure approximately outlines the plausible mass of the 2018 sliding, including a major
portion of the slip surface within the in situ ground and a small portion near the toe on the
top of the ground surface, i.e., the surface of separation.

Figure 11b illustrates the material profile with the pre-slide slope geometry of the site.
Since site investigations were performed after sliding, some of the boreholes were drilled
at locations with ground elevations lower than their pre-slide levels. To reconstruct the
pre-slide material profile, the missing data between the pre-slide and post-slide geometries
were amended using the adjacent materials of the same boreholes, or the average data of
materials at approximately the same elevations as the nearby boreholes. The amended
pre-slide material profile indicates that soil layers are generally parallel to the ground in the
crest and middle portions of the site. The soil materials presented in this area, in descending
order, are more or less like silty SAND, gravelly SAND, sandy GRAVEL, etc. In the toe
portion of the site, however, relatively thick layers of sandy SILT and silty CLAY are found.
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6.4. Liquefaction Analysis

The liquefaction assessment of the site was performed with three analysis scenarios
as described in Table 1. As discussed above, the analysis scenarios were assumed and
evaluated in order to envisage the potential effect of the groundwater table and slope
geometry on the sliding, for both liquefaction assessment and flowslide simulations. Table 4
indicates the groundwater tables and slope geometries adopted in the analysis scenarios,
which are visualized, in association with the analyzed borehole logs, in Figure 12.

Table 4. Assumptions of soil profile and GWT for analysis scenarios.

Borehole

Scenario 1
Geometry: Post-Slide

GWT: Right after Slide (GWT High)

Scenario 2
Geometry: Pre-Slide

GWT: Estimated GWT prior to Slide
(GWT High)

Scenario 3
Geometry: Pre-Slide

GWT: Estimated GWT without
Influences from Canal and Paddy

Fields (GWT Low)

GWT Depth (m) Soil Profile GWT Depth (m) Soil Profile GWT Depth (m) Soil Profile

BH-1 −1.00 Post-slide
elevation −1.00

Same as
post-slide
elevation

−13.00
Same as

post-slide
elevation

BH-2 0.00 Post-slide
elevation 0.00 Post-slide

elevation +1.25 m −6.50 Post-slide
elevation +1.25 m

BH-3 0.00 Post-slide
elevation −0.50 Post-slide

elevation −7.50 m −2.00 Post-slide
elevation −7.50 m

BH-4 0.00 Post-slide
elevation 0.00 Post slide

elevation +5.00 m −11.00 Post-slide
elevation +5.00 m

BH-5 0.00 Post-slide
elevation −0.50 Post-slide

elevation −2.50 m −4.50 Post-slide
elevation −2.50 m

LP3 −0.50 Post-slide
elevation −0.50

Same as
post-slide
elevation

−0.50
Same as

post-slide
elevation

As mentioned previously, the liquefaction assessment, as well as the subsequent
flowslide simulation, of this study took the 2018 Palu–Donggala earthquake as the object of
focus, with a magnitude Mw of 7.5 and a PGA of 0.34 g. It is important to note that in lique-
faction analysis, the groundwater table, GWT0, during drilling and standard penetration
testing should be used for the evaluation of SPT-N1 and the associated cyclic resistance
ratio, CRR, of the soil deposit. The GWT0 is likely to be dissimilar to the groundwater
tables, GWT, as indicated in Tables 1 and 4 and Figure 12, for the analysis at the time of
earthquake shaking.

Figure 13 shows the results of liquefaction assessment for the three analysis scenar-
ios. Both Seed/NCEER [33] and JRA [34] methods were adopted in the assessment for
scenario 1. The results show general consistency between the methods, with only minor
differences in the assessed factor of safety against liquefaction (FL). The differences might
have been due to the fact that the Seed/NCEER method does not consider gravels to be
a liquefiable soil type. In view of its general acceptance and extensive usage worldwide,
the Seed/NCEER [33] method is the major tool used for the assessment of liquefaction in
this study.

The borehole BH-1 results indicate that the top soil layers with a thickness of 10 m or
more would generally not liquefy and only the soils below would have a computed factor
of safety against liquefaction (FL) of less than unity, for all of the analysis scenarios assessed.
In view of the studies by Ishihara [48] and Dobry [49], the 10-m-thick non-liquefied upper
layer at this location would likely prevent the influence of the underneath liquefied soils and
hence the effect on the ground surface. The onsite observations by Kusumawardani et al. [8]
confirm that the ground surface in the neighborhood of BH-1 consisted of a series of cracks
with no phenomena of soil liquefaction, which was classified as the ground slide (GS) zone, as
shown in Figure 9a.
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The borehole BH-4 results show that soil liquefaction is identified at a depth of around
3 m in the post-slide profile of scenario 1 and a zone from the surface to approximately
9 m deep in the pre-slide profile of scenario 2. Due to variations in pre-slide and post-slide
ground surfaces, the elevations of liquefied depth in the profiles of scenarios 1 and 2 are
nearly the same, indicating that the depth of liquefaction (i.e., the sliding surface) at this
location was approximately 9 m below the pre-slide ground surface. For scenario 3, however,
no liquefaction was found within the first 20 m of the pre-slide ground, implying that the
drop in groundwater level as a result of the termination of surface water infiltration (i.e., the
Gumbasa irrigation system and onsite paddy fields) significantly prevented soil liquefaction
at this location.

The borehole BH-2 results denote that the zones of soil liquefaction were found at a
depth of around 5~10 m in the post-slide geometry of scenario 1 or around 6~11 m in the
pre-slide geometry of scenarios 2 and 3. In terms of elevations, the liquefied depths of these
analysis scenarios were about the same, indicating that the depth of liquefaction (i.e., sliding
surface) at this location was around 11 m below the pre-slide ground surface. It is important to
note, however, that the liquefaction zone is also identified in scenario 3, under the conditions
of a pre-slide slope and low groundwater table, suggesting that soil liquefaction would be
triggered at this location even if the influence of surface water infiltration was prohibited and
the groundwater table was dropped to a minimum level.

The borehole BH-5 results indicate that the zones of liquefaction are approximated
from the surface to a depth of 8 m in the post-slide profile of scenario 1, and from the surface
to a depth of 6 m in the pre-slide profile of scenario 2. In considering the variations in the
pre-slide and post-slide ground surfaces, the elevations of liquefied depth in the profiles of
scenarios 1 and 2 are almost the same, suggesting that the depth of liquefaction (i.e., sliding
surface) at this location was approximately 6 m below the pre-slide ground surface. For
scenario 3, however, the upper 14 m of the pre-slide profile was generally capable of resisting
soil liquefaction caused by the earthquake, in the case of the minimal influence of surface
water infiltration caused by the irrigation system and onsite paddy fields. Another zone
of liquefaction was also identified in all of the analysis scenarios, located at approximately
16 m below the post-slide surface for scenario 1, or 14 m below the pre-slide surface for
scenarios 2 and 3. In view of the studies by Ishihara [48] and Dobry [49], the non-liquefied
layer, approximately 8 m thick, sandwiched between the upper and lower liquefied zones
would likely prevent the influence of the lower liquefied zone on the ground surface.

The borehole BH-3 results of liquefaction assessment are shown in Figure 13, with
sparse depths of liquefaction found at 12 m and 15 m in the post-slide profile of scenario 1,
or at 5 m and 8 m in the pre-slide profile of scenarios 2 and 3. Due to a relatively thick layer
of silts and clays at this borehole location, the assessment indicates that soil layers in the
upper 10 m are generally capable of resisting soil liquefaction caused by the earthquake.
Despite a lower zone of liquefaction being identified at a depth of below 19 m in the
post-slide profile of scenario 1 or below 12 m in the pre-slide profile of scenarios 2 and 3,
the upper non-liquefied layers of approximately 4 m or more in thickness would likely
provide buffers and prevent the influence of lower liquefied zones on the ground surface,
as suggested by Ishihara [48] and Dobry [49].

The results of liquefaction assessment associated with the liquefied zones identified
for each of the boreholes are synthesized. A speculated slip surface connecting the liquefied
zones of boreholes can therefore be delineated and is shown in Figure 12. It is noted
that the speculated slip surface of the 2018 Petobo flowslide, based on the liquefaction
assessment herein, is in good agreement with the speculated boundary of the sliding
mass and in situ ground, as discussed previously through the results of probing and
sounding during site investigation (Figure 11). It is also noted that the speculated slip
surface as identified through the liquefaction assessment of scenario 1 (post-slide geometry
and high GWT) is almost the same as that defined by the liquefaction assessment of
scenario 2 (pre-slide geometry and high GWT). In accordance, the speculated slip surface is
determined to generally pass through the weak interfaces of material layers and presents
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lower estimates of computed liquefaction stability during earthquake in both pre-slide and
post-slide situations.

In scenario 3, however, with pre-slide geometry and the assumed low GWT that
depicts the lack of an influence of the surface water infiltration, no slip surface was able to
form continuously across the site due to the 2018 shaking. Instead, only a limited area in
the middle of the slide boundary showed liquefaction, as recognized by the assessment
results of BH-2 at depths of 6~11 m (Figure 13c). Liquefactions were also indicated for
boreholes BH-1, BH-5 and BH-3 in the assessment. In view of the depths of liquefaction
covered with relatively thick non-liquefied layers (>11 m), the manifestations and damages
of the deep liquefactions on the shallower ground can be deemed unlikely based on the
studies by Ishihara [48] and Dobry [49].

6.5. Flowslide Evaluation

The 2018 Petobo flowslide is simulated in two dimensions with an analysis cross-
section along Moh. Soeharto road, the EW main road of the site (Figure 2). The 2D
analysis models, with the main road profile in the X (i.e., EW) direction, are expanded
perpendicular to both sides of the profile by 1500 m to ensure a plane strain condition. The
elements of the model are arranged with a mesh size of 15 m × 15 m on the plane and a
depth corresponding to the elevations of the slip surface determined in the liquefaction
assessment stage. Both pre-slide and post-slide ground surfaces are considered for the
analysis scenarios.

The analysis parameters assumed in LS-Rapid simulations are summarized in Table 5.
Since the strength data of onsite materials have not yet been evaluated, the input parameters
for materials and other analysis settings are assigned based on the recommended ranges
of values by the software [42,44,50–52] as well as the estimated values of onsite soils by
Mason et al. [11] and Okamura et al. [53]. In view of the morphological zonation of the
Petobo site by Kusumawardani et al. [8], the classified morphological zones (i.e., ground
slide—GS, liquefaction spread—LS, liquefaction flow—LF, and debris flood—DF) reflect the
dissimilar strength characteristics of the associated materials and have an influence on the
sliding behavior observed at the site. In accordance, we took the above into consideration
and divided the analysis cross-section into four material zones, with each of the zones being
equivalent to a morphological zonation by Kusumawardani et al. [8], as follows: (1) Zone 1
for LS-1, LF-1, LF-2a, and LF-2b; (2) Zone 2 for LF3; (3) Zone 3 for LF-4; and (4) Zone 4 for
DF-2. The morphological zonation along the analysis cross-section, Moh. Soeharto road, can
also be seen in Figure 12. In this simulation, the earthquake starts at 32 s, reaches a peak
around 37 s, and stops at 120 s. Figures 14–16 show the results of LS-Rapid simulation with
computation times of 32 s, 50 s, and 600 s, respectively.

The results of flowslide simulation for scenario 1 in various computation stages are
presented in Figure 14, in which the green and pink lines represent the initial post-slide
ground surface (i.e., before computation) and the configuration of the sliding mass in
progress, respectively. The results indicate that at second strike of the same earthquake
on the failed Petobo site would cause minor deformations of the slope, till the end of
computation of 600 s. The computed total displacement and maximum speed of the sliding
mass are shown in Figure 17. The results imply that the initial strike of the earthquake that
triggered the 2018 flowslide has resulted in a stabilized (post-slide) slope geometry, which
would prevent a re-initiation of the flowslide of the failed slope by a second strike of the
same earthquake.
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Table 5. Parameters adopted in LS-Rapid simulation of Petobo flowslide.

No Parameters Used in
Simulation

Value Unit Remark

Zone 4 Zone 3 Zone 2 Zone 1

Parameter for each zone

1 Friction angle of landslide
mass (φi)

15 5 25 33 deg -

2 Lateral earth pressure ratio (k) 0.741 0.913 0.577 0.455 - k = 1 − sinφi

3 Friction angle at peak of
sliding surface (φp) 5 10 15 20 deg -

4 Cohesion at peak of sliding
surface (cp) 2 3 4 5 kPa -

5 Friction angle during motion
at sliding surface (φm) 2.5 5 7.5 10 deg -

6 Steady-state shear resistance
of sliding surface (τss)

5.25 1 4 5 kPa -

7
Rate of excess pore pressure

generation (Bss)
1.0 1.0 1.0 1.0 - For Scenarios 1

and 2

0.0 0.2 0.7 0.0 - For Scenario 3

Parameter for the whole area Values for all zones

8 Total unit weight of landslide mass (γt) 20 kN/m3 -

9 Cohesion of landslide mass (ci) 0.5 kPa -

10 Cohesion during motion at sliding surface (cm) 0.1 kPa -

11 Shear displacement at the start of strength reduction (DL) 2 mm -

12 Shear displacement at the start of steady state (DU) 100 mm -

Triggering factor

13 Pore pressure ratio (Ru)
0.5 - For Scenarios 1

and 2

0.05 - For Scenario 3

14 EQ a-t motion (amax) 0.340 g

Amplified EW
component of
28 September

2018. Palu–
Donggala M7.5

earthquake
recorded at

Balaroa station
to a PGA of

0.340 g

Note: “Zone-1” includes LS-1, LF-1, LF-2a and LF-2b; “Zone-2” includes LF-3; “Zone-3” includes LF-4; and
“Zone-4” includes DF-2.
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The results of flowslide simulation for scenario 2 are illustrated in Figure 15, with
various stages of sliding computation. scenario 2 is assumed for the case of the Petobo site
when subjected to the 2018 earthquake shaking. The Petobo site had pre-slide geometry and
a raised groundwater table as a result of the constant ground infiltration of the Gumbasa
irrigation system and onsite paddy fields. The computed displacement and speed of the
sliding mass are shown in Figure 17. As illustrated in Figures 15 and 17, the flowslide started
at approximately the same time as the initiation of earthquake shaking. The sliding speed
reached a maximum value of approximately 15 m/s at a computation time of 163 s, then
gradually decreased and ceased at a computation time of 240 s. The maximum displacement
was 581.7 m. The computed final configuration of the sliding mass is comparable to the
observed post-slide geometry, as indicated by the green line in Figure 14, in terms of the
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shape and sliding distance, implying that the simulation of scenario 2 would result in a
significant flowslide that resembles the 2018 Petobo slide.

The results of scenario 3 are presented in Figures 16 and 17. This scenario was used to
examine the likelihood of the 2018 Petobo flowslide in the case of no infiltration of surface
water (from irrigation system and wet paddy fields) and a low groundwater table of the site.
As shown, the Petobo slope would not initiate a flowslide after the 2018 earthquake shaking
if the deposit was desiccated and the groundwater level was low, even if some liquefiable
zones were identified at depth in the middle portion of the site (i.e., BH-2). The results
indicate that the slope stopped moving at a computation time of 45 s after earthquake
shaking, and the maximum displacement of the slope was only about 1 m.
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7. Discussion

A detailed program of field investigations and associated liquefaction analyses and
flowslide simulations were conducted in this study. For a complete year of groundwater
monitoring, which was conducted approximately one and half years after the slide, the
variation in the groundwater table (GWT) of the site as a result of rainfall infiltration during
the wet and dry seasons was generally minor, with a range of approximately ±1 m or less
(Figure 5). It should be noted, however, that the GWT at BH-1 was approximately 12 m to
13 m deep below the ground, which was significantly lower than the expectation. In view
of the proximity of BH-1 to the Gumbasa irrigation canal, which was fully loaded during
and prior to the sliding [8] and was adjacent/beyond the sliding footprint (Figure 2), the
GWT of the borehole should be high and close to the ground surface. Since the Gumbasa
irrigation network and paddy fields were fully destroyed by the sliding, the onsite irrigation
channels were displaced and dried and the ground became desiccated. Three weeks after
the flowslide incident, Hidayat et al. [6] and Kiyota et al. [7] conducted probing tests at
the site and found no GWT to a depth of around 5 m near BH-1, with an elevation of
approximately the same as the pre-slide surface. However, a GWT of approximately 1 m in
depth was encountered at the upstream side and within the sliding footprint (i.e., DCPT-
2 and DCPT-3 in Figure 2), with elevations of around 5 m below those of the pre-slide
ground. In addition, Mason et al. [11] have reported that the GWTs of the site dropped
by more than 10 m in the months following the failure, based on interviews with the local
residents. Bradley et al. [1] have also argued that the Gumbasa irrigation canal and onsite
wet paddy fields would have contributed to the local groundwater recharges, because the
soil materials of the site are sandy and gravelly and have a high rate of infiltration. Our
field investigations of the site also confirm the onsite soils to have a measured permeability
of around 10−4~10−2 cm/sec, a range suggesting clean sands to sandy gravels [54].

The electrical resistivity imaging (ERI) results also show the depth of the saturated
zones. As indicated in Figure 6 and Table 3, the moderate–high resistivity of 20~60 ohm-m
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interpreted as saturated gravelly sand/sand is identified in profile EW-C1 and located
at approximately 10 m below the ground surface. High resistivity values of >60 ohm-m
interpreted as dry sandy gravel or gravelly sand are found on the shallow ground in profile
EW-C1, extending from the proximity of the Gumbasa canal and approximately 200 m
westwards to the upstream portion of the slide footprint. In accordance, the GWT in the
east (upstream) portion of the sliding area would have been largely influenced by the
presence of the Gumbasa irrigation canal and the onsite wet paddy fields. For the rest of the
monitoring locations, the results generally indicate that the GWTs are relatively stable and
close to the post-slide ground surface. It should be noted, however, that the GWTs at BH-5
and BH-3, located at the toe portion of the slide footprint, show relatively more fluctuations
(Figure 5), suggesting that the measurements might have been affected not just by rainfall
infiltration, but partly by the recharge of groundwater flow from the upstream side.

Based on borehole logs and ERI surveys, sandy soils with silt or gravel are mainly
found in the morphological zones of ground slide (GS), liquefaction spread (LS) and
liquefaction flow (LF), in the upstream and middle parts of the sliding area. The clayey
and silty soils are mostly identified in the debris flood (DF) zone near the toe of the slide
footprint. Silty and gravelly sands are abundant at depths of 0~10 m (Figure 6). However,
in boreholes BH-2 and BH-5, the middle portion of the slide footprint, gravelly sands are
also found below a depth of 10 m (Figure 7). The silts and clays are generally thick in the
toe area, as indicated in profiles EW-C5 and EW-C6 (Figure 8), implying that this area is
less likely to be liquefied during the earthquake shaking.

Liquefaction assessment was performed for the site using SPT-N approaches in associ-
ation with three assumed analysis scenarios. The results indicate that the Petobo slope in
its post-slide or pre-slide geometry and with a high GWT condition would cause the soil
liquefaction of shallower ground in the upstream and middle portions of the slide footprint
due to the 2018 earthquake shaking. The zones of liquefaction of the associated boreholes
(BH-4, BH-2, and BH-5) enable the construction of a speculated slip surface that appears
to be consistent with the boundary of the sliding mass and in situ ground, as interpreted
through the results of subsurface investigations (Figures 11–13). The upper depth of 10 m
or so in borehole BH-1, located beyond the east boundary of sliding, generally presents no
sign of soil liquefaction, which may have resulted from the gravelly type of the soils and the
high blowcounts of the materials. Although low liquefaction resistances are computed at
deeper depths (>10 m) in this location, the thick non-liquefied upper layer, however, would
prevent the development of liquefaction and severe damage to the ground, as suggested
by Ishihara [48] and Dobry [49]. Alternatively, the upper 13 m of borehole BH-3, located
in the toe area of the site, consists mostly of silts and clays. The assessment of this depth
interval generally indicates no liquefaction, which is due mainly to the type of materials,
being those that are less likely to liquefy by shaking.

The flowslide simulation was conducted to provide an understanding of the initiation
and movement of sliding that would not otherwise be provided by liquefaction assessment.
The simulations were conducted using three analysis scenarios for liquefaction assessment
and the slip surfaces were adopted based on the results of liquefaction assessment and
field investigations.

The results of flowslide simulation for scenario 1 (post-slide geometry and high GWT)
verify that the sliding of the failed mass will not be re-triggered due to the same earthquake,
as a result of a more stabilized slope geometry that prevents the further movement of
the slope. It should be noted that the results of liquefaction assessment indicate that
some liquefiable zones still existed in the failed mass. The stabilized geometry of the
major portion of the failed slope appeared to provide sufficient resistance against sliding
promoted by the unstable portions due to soil liquefaction.

The results of flowslide simulation for scenario 2 (pre-slide geometry and high GWT)
confirm the 2018 sliding behavior of the Petobo site. Liquefaction assessment showed that
the liquefiable zones existed in the sliding mass due to shaking. A slight inclination of the
pre-slide slope (≈ 3◦), providing static shear, appeared to trigger a long-distance sliding of
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the slope after earthquake shaking and soil liquefaction. The simulation indicated that the
sliding was initiated at a computation time of approximately 33 s after the start of earthquake
shaking and ceased at approximately 240 s (Figure 17). The total time of sliding would appear
to be much shorter than the witness accounts, as detailed by Kusumawardani et al. [8]. The
computed configuration of the slope after sliding, however, resembles the final geometry of
the onsite failed slope, in terms of its shape and the sliding distance.

The results of flowslide simulation for scenario 3 (pre-slide geometry and low GWT)
verify that the sliding of the Petobo slope due to the 2018 shaking would be unlikely if the
local groundwater levels remained low as a result of the lack of recharge from the Gumbasa
irrigation system and the onsite wet paddy fields. The results demonstrate the importance
and adverse effects of anthropogenic factors due to the constant leaking of the irrigation
system and wet paddy fields on the locally raised groundwater levels, increasing the risk
of soil liquefaction and associated flowslides. Should the local groundwater not arbitrarily
rise to a high level, the liquefaction-induced flowslide and the damages in the Petobo area
could have been eased or avoided.

8. Summary and Conclusions

The Petobo long-distance flowslide induced by soil liquefaction occurred during
the Mw7.5 Palu–Donggala earthquake on 28 September 2018. The incident resulted in
thousands of people going missing or dying due to the flowslide. Several researchers have
argued that the Gumbasa irrigation canal and the wet agricultural lands of the site played a
key part in the incident. This paper attempts to discuss this issue by conducting a detailed
field investigation for subsurface information, in association with other existing data, and
by performing liquefaction assessments as well as flowslide simulations of the 2018 Petobo
slide. The above three analysis scenarios would aid in the clarification of the various factors
that might have contributed to the initiation and progress of the 2018 Petobo slide. Scenario
1 represents the post-slide geometry and high groundwater table (GWT) condition, to verify
if sliding would be retriggered when the same earthquake strikes the site again. Scenario
2 represents the pre-slide geometry and high GWT condition, to confirm the sliding that
was observed in the 2018 Palu–Donggala earthquake. Scenario 3 represents the pre-slide
geometry and low GWT condition, to examine if the sliding would be triggered with no
infiltration of the Gumbasa irrigation system and onsite paddies on the groundwater level
of the site. The major findings of the study are summarized as follows:

(1) As revealed by field investigations through drilling, probing and sounding, the
subsurface material profile of the Petobo site generally consists of sandy deposits of
SM/SP/SW, except for the toe portion where thick layers of silt (ML) and clay (CL)
are found. The field investigations also confirmed the onsite sandy deposits with
measured permeability of 10−4~10−2 cm/sec, equivalent to a range for clean sands to
sandy gravels.

(2) A year of groundwater monitoring conducted approximately one and a half years after
the sliding incident indicated that the groundwater tables at the crest and upstream
portions of the slide footprint are significantly lower than the levels at the time
of the earthquake, suggesting that the anthropogenic efforts through the irrigation
system and wet paddies would have a profound influence on the local groundwater
levels, and that the ground condition would be very sensitive to the infiltration of
surface waters.

(3) Liquefaction assessments indicate that scenarios 1 and 2 would cause the soil lique-
faction of shallower deposits in the middle and upstream portions of the Petobo site,
in its post-slide and pre-slide geometries, respectively, with high groundwater tables
due to the 2018 earthquake. In the toe portion, the assessment generally shows no
sign of liquefaction, which may have been due to the soil deposit consisting mostly of
silts and clays.

(4) In the flowslide simulation of scenario 1, it is obvious that the failed slope reached a
stabilized geometry, with a larger portion of the level ground that would prevent the
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further movement of the slope, even if zones of liquefaction may have still existed in
the failed mass. The stabilized geometry of a major portion of the failed slope would
provide sufficient resistance against sliding promoted by the unstable portions due to
soil liquefaction.

(5) The flowslide simulation of Scenario 2 confirms the 2018 sliding at the Petobo site.
Liquefaction assessment showed that soil liquefaction existed in the slope due to
shaking. A slight inclination of the pre-slide ground of approximately 3◦ would
provide static shears and trigger a long-distance sliding of the slope after shaking and
liquefaction. The simulation indicates that sliding was initiated at around 33 s, about
the same time as the start of earthquake shaking, and ceased at approximately 240 s
of computation time.

(6) The flowslide simulation of scenario 3 verifies that the sliding at the Petobo site due to
the 2018 shaking would not be possible, if the local groundwater levels remained low
due to a lack of infiltration of the Gumbasa irrigation system and onsite wet paddy
fields. The results demonstrate that the adverse effects originating from human activ-
ities, constantly recharging the groundwater through the leaking irrigation system
and onsite wet paddy fields, locally raised the groundwater levels and increased the
risk of soil liquefaction and flowslide.

(7) In conclusion, this study suggests that the liquefaction-induced sliding in the Petobo
area would have been due to the liquefiable sandy deposits, locally raised ground-
water tables, a strong shaking that triggered extensive soil liquefaction, and gently
sloping ground that provided static shears and promoted long-distance sliding.
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