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Abstract

There was a shallow earthquake in the Central Sulawesi province of Sulawesi island of Indonesia with a moment magnitude (Mw) 7.5
on 28th September 2018 at 18:02:44 local time. The event was preceded by major foreshocks and followed by aftershocks of significant
magnitude. The epicenter of the main shock was in the Donggala regency of Minahasa peninsula of Central Sulawesi, approximately
70 km from the provincial capital of Palu. The earthquake was caused by the tectonic movement of the left lateral Palu- Koro fault
within the Molucca Sea microplate, triggering major geotechnical failure and structural damage in Palu city and Sigi regency. Thousands
of people died or are still unaccounted for, and countless others were injured. Balaroa, Petobo, Jono-Oge and Sibalaya were the worst hit
mainly due to large-scale flow-slides and mud flows. It was the first time that such large-scale flow failures were triggered by an earth-
quake, and that the failure of very gentle sloping ground swept away whole localities. The objective of this research was to provide insight
into the scale of ground failure and other infrastructural damage caused by the event, especially in Jono-Oge area, where the flow dis-
tance was longest. The authors performed preliminary and detailed surveys in the area twice by conducting Portable Dynamics Cone
Penetration Test (PDCPT), collecting disturbed and undisturbed samples and using aerial drone (UAV) photography. The findings
of the reconnaissance survey are described here along with subsequent data interpretation. Finally, the mechanism of the flow-slides
is discussed.
© 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction the region was struck by a large earthquake of moment
magnitude Mw 7.5 at 18:02:44 local time, which triggered
Being situated at the conjuncture of highly active Aus-  devastating large-scale flow failures and a tsunami. The

tralian, Pacific, Sunda and Philippine Sea plates, the Sula- epicenter of earthquake was located at 0.256°S (latitude)
wesi Island in Eastern Indonesia is not new to seismic and 119.846°E (longitude) in the Donggala regency of
events of significant magnitude. On September 28, 2018, Minahasa peninsula, about 70 km north of the provincial
capital of Palu with a hypo-central depth of 20 km
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Mw 6.1 just hours before the main shock and followed by
multiple aftershocks of magnitude My, > 5.5 for more than
a week. The tremors of the main shock were felt as far
away the Eastern Kalimantan region of Borneo Islands
as well as in Tawau district in Malaysia. The extensive
damage to the transportation systems, bridges, earth struc-
tures and residential buildings in some areas of Palu city,
Sigi and Donggala regency of Central Sulawesi was due
to the widespread large-scale flow failures (Mason et al.,
2019). Along with destruction to infrastructure, thousands
of lives were lost, many more were injured and hundreds
were reported missing (Mikami et al., 2019; Omira et al.,
2019). Balaroa, Petobo, Jono-Oge and Sibalaya were the
worst hit mainly due to large-scale flow-slides and mud
flows. Never before have such large-scale flow failures been
triggered by an earthquake. That these failures occurred on
very gentle sloping ground, sweeping away localities along
with it, came as a complete surprise to one and all.

The long-distance flow failures are thought to have
resulted from a combination of many factors, including
the liquefaction of the sandy layer, the formation of water
film due to the existence of a less-permeable cap layer, the
presence of a confined aquifer, and the geology typical of
the affected areas (Kiyota et al., 2020). The reconnaissance
survey was designed to determine the role of these factors
in the disaster. Perishable data was collected to supplement
knowledge of earthquake induced geo-disasters, in the
expectation that this would ultimately lead to improved
procedures for the characterization and mitigation of
geo-hazard risks. In this paper, the focus is on the results
of the reconnaissance survey of the events of this extreme
geo-disaster in the wake of the 2018 Sulawesi earthquake
during November 2 to 4, 2018 and June 26 to July 4,
2019. The approach adopted was similar to the traditional
reconnaissance methods used to collect earthquake
records, field testing on geotechnical and geological ground
conditions, and advanced aerial imaging using unmanned
aerial vehicles (UAV).

The field reconnaissance of earthquake-induced lique-
faction and associated ground failures contributes signifi-
cantly towards the knowledge and advancing
understanding of the behavior and the mechanics of lique-
fied ground. The careful documentation and assessment of
observations from many liquefied and non-liquified sites
during past extreme events have provided us with a valu-
able database of case histories (Andrus and Stokoe, 2000;
Cetin et al., 2004; Moss et al., 2006, 2011; Boulanger
et al.,, 2012; Ohsumi et al.,, 2016), lateral spreading
(Bardet et al., 2002; Youd et al., 2002; Cubrinovski et al.,
2012) and post liquefaction ground subsidence (Cetin
et al., 2009; Juang et al., 2013; Valverde-Palacios et al.,
2014). However, acquiring reliable, good quality, docu-
mented liquefaction reconnaissance data from sites right
after an earthquake can be extremely challenging, since
strong ground motion tends to occur over a very large geo-
graphical area. On the other hand, recent advances in com-
puter simulations and unmanned aerial vehicles (UAV)
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provide an excellent opportunity to access the remote areas
that have suffered earthquake induced damage to collect
perishable surface geotechnical data for analysis.

Our research team visited sites in Jono Oge village in
Palu to assess the damage caused by the large scale flow
failure triggered by the earthquake and to observe the
sub-soil conditions. The village of Jono Oge was selected
in this survey because it had the largest magnitude of
ground displacement due to the flow-slides among the all
other sites in Palu city.

The reconnaissance survey methods included visual site
inspection, collecting disturbed and undisturbed soil sam-
ples, performing portable dynamic cone penetration tests
(PDCPT) for in-situ soil strength assessment and conduct-
ing aerial survey using drone to obtain an overall high-
resolution top view of the site with terrain information.
The team also investigated the soil profiles in the trenches
excavated (Okamura et al, 2020; JICA, 2019) in the failed
zones at Jono Oge village as well as in some other areas,
such as Lolu and Sibalaya. The objective of the survey
was to collect perishable field data and evaluate the proba-
ble causes and mechanism, which triggered such large-scale
ground movement in such gently sloped ground.

2. Geological and seismological information of site
2.1. Event characteristics

With multiple active strike slip faults and subduction
zones in the region, Sulawesi tends to be a complex seismi-
cally active zone. The province was struck by a powerful
earthquake of magnitude M,, 7.5 on 28 September 2018
with strong foreshocks and aftershocks. The map of Cen-
tral Sulawesi area shown in Fig. 1 indicates the locations
of the foreshocks, the main shock and aftershocks of the
2018, Sulawesi earthquake. The data for the event history
is considered from September 28, 2018 to October 08,
2018. It can be seen from the magnitude of the foreshocks
and the aftershocks indicated in Fig. 1 that a lot of energy
was accumulated across the Palu-Koro fault. There was a
foreshock of magnitude Mw 6.1 approximately 3 h before
the main event of magnitude Mw 7.5 and the aftershocks
which followed the event for days were of significant mag-
nitude, most of them greater than Mw 5.

The event caused large scale liquefaction and lateral
flow failures across the villages of Jono-Oge, Sibalaya,
Petobo and Balaroa, with the largest flow failure observed
in Jono-Oge (Bradley et al., 2019; Watkinson and Hall,
2019; Cummins, 2019). Fig. 2a. shows the epicenter along
with the locations of large-scale flow failures along with
the sinistral Palu-Koro Fault (PKF), which caused the
earthquake. Fig. 2b. depicts the intensity contours of Palu
city along with the liquefaction susceptibility map for the
September 28, Sulawesi Earthquake. The map indicates
that the event had maximum intensity in Palu valley with
the highest liquefaction susceptibility despite being almost
70 km from the epicenter. Fig. 2c & d are the satellite
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Fig. 2. Intensity Map and ground failures associated with Mw 7.5 Palu earthquake (a) Epicenter of The 2018 Sulawesi earthquake along locations of flow
failure and alignment of Palu-Koro fault (b) Intensity contour with liquefaction probability map of Palu city (USGS, 2018), (c) Landsat 8 image taken on
September 23, 2018 and (d) Landsat 8 image taken on October 2, 2018 (showing the sites with major flow failure damages; USGS, 2018).

images acquired on September 23, 2018 and October 2,
2018 respectively by Operational Land Imager (OLI) on
Landsat 8 satellite (USGS, 2018) in false color bands (6-
5-2) to make it easy to differentiate between the urban areas
(purple-gray), vegetation (green), and over-turned soil
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(brown and tan). On observing both Fig. 2¢ & d, the
mud flow and debris can be easily identified which occurred
due to liquefaction induced flow failure. Furthermore, the
images in Fig. 2¢ & d indicate that there was no notable
damage to Palu airport, which is located near the flow
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failure site of Petobo. This may be due to ground improve-
ment measures implemented during the construction of the
airport.

2.2. Site characteristics

The Central Sulawesi province is straddled by the seis-
mically active left lateral Palu -Koro fault (PKF). On
September 28, due to the 2018 Sulawesi earthquake, several
meters of horizontal crustal displacement were observed
across the PKF, confirmed through satellite image analysis
(Heidarzadeh et al., 2019). All the large-scale flow-slides
sites were found to lie across or near the fault zone.

In this research, the site reconnaissance activities were
focused on the area of interest (Jono Oge village), where
the maximum displacement of soil mass of distances up
to 1 km was observed. Jono Oge is located in Palu region
in Central Sulawesi province of Sulawesi island, which is
one of the largest islands of Indonesia. Because it covers
such a vast area across both sides of equator and inside
the area of the ring of fire, the tectonic activities of Indone-
sia are complex, with all the tectonic activities represented,
including subduction, collision, uplift, strike-slip faulting
and volcanic activities (Hall, 2014).

Being the most active fault in the Sulawesi region, PKF
has an average slip rate of 40 mm/year, and has an exten-
sion rate of ~11-14 mm/year, which is quite complex for a
simple strike-slip fault (Socquet et al., 2006). The region is
overlain by sedimentary and volcanic deposits of Miocene
— Quaternary period, which have undergone low grade
thermal metamorphism (van Leeuwen et al., 2016). The
Palu valley extends 7 km in width and is flanked by N-S
aligned, sharp triangular slopes about 60 m in height and
short alluvial fans to the West, and gentle steps faults to
the East (Thein et al., 2015). Hosting an active strike — slip
fault, the region has experienced multiple large devastating
earthquakes in the past. The historic seismicity of the PKF
region shows that the fault activity is concentrated at shal-
low depths with major earthquakes of magnitude Mw >6.5
during years 1900-2018 with a hypocentral depth of less
than 50 km, (Socquet et al., 2006), as shown in Fig. 3(a)
and (b).

2.3. Geology and tectonic characteristics

The basement rock in the region where the Palu city is
located ( near the neck) and connects western part of cen-
tral Sulawesi to north arm are formed by several metamor-
phic complex covered by magmatic intrusion with different
composition varied from gabbro and diorite to granite and
volcanic sedimentation (Watkinson et al., 2011). The bed-
rock geology map of Palu is shown in Fig. 4. The Palu
Basin is overlain with Quaternary sediments (Fig. 5), which
are very young in age. Flood deposits from irrigation chan-
nel in the slide areas and alluvial flood constitute clay, silt,
and sand. Surficial sediments are formed by young allu-
vium fan deposits in low relief hills which extend up the
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west and east sides of the valley. Foothills and mountains
which surrounded the Palu valley constitute tertiary granite
and granodiorite rock and pre-tertiary sedimentary and
metamorphic rock. A past study on the sedimentary depos-
its of Ariana region confirmed that the young sedimentary
deposits are susceptible to liquefaction, with a shallow
ground water table and under 0.2 g ground motion acceler-
ation (El May et al., 2009). While the event in Palu reflects
all the above criteria, a more detailed site-specific study was
required to confirm the details of the slope failure triggered
by the 2018 earthquakes.

2.4. Ground motion characteristics

The very high rupture velocity of the 2018 Palu earth-
quake contributed to the large intensity of ground motion,
and led to it being categorized as a super-shear event
(Socquet et al., 2019). Ground motion data of earthquake
was recorded at the JICA-BMGK station in Palu, which is
approximately 80 km from the epicenter and on the west
side of earthquake induced landslide areca at Balaroa
(Fig. 6). The time history of acceleration for two horizonal
components E-W and N-S and vertical component U-D of
ground motion is shown in Fig. 7, using the data provided
in Kiyota et al. (2020). The peak ground acceleration
(PGA) values of the E-W, N-S and U-Components were
0.28 g, 0.21 g, and 0.34 g respectively.

The response spectra shown in Fig. 7d display near-fault
motion features likely to have been caused by forward
directivity of rupture propagation. Furthermore, the wide
range frequency content of ground motion increased the
risk of geotechnical failure at various places. However,
the response spectral values at the Palu station were
reported to be less than those proposed by the Indonesian
seismic design code, except for the period range of 2.5-3.5 s
(Goda et al., 2019).

3. Earthquake induced flow-slides in Palu region
3.1. Geotechnical site investigations

The 2018 Sulawesi earthquake triggered four large scale
flow-slides (Balaroa, Petobo, Jono Oge and Sibalaya)
which are located in the vicinity of Palu city (Fig. 8). The
slide areas are all located along the edges of Palu valley,
where the new alluvial fans meet the old alluvial fan depos-
its of Palu river. The landslide in Balaroa (northwest side of
Palu valley) was on gentle ground with average slope of 4%
and partially or fully damaged approximately 2,900 resi-
dential buildings. The other three flow-slides in Petobo,
Jono Oge and Sibalaya were in the east side of Palu valley
within the 25 km of Palu city. According to reports and the
damage mapping provided by Copernicus Emergency
Management Service, flow-slides damaged or destroyed
more than 300 buildings in Jono-Oge and 3,000 buildings
in Petobo. More than 140 buildings in Sibalaya were
damaged.
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In this study, we used a combination of satellite ima-
gery, aerial imagery, field surveys including collecting soil
samples from the sites and conducting in-situ testing using
Portable Cone Penetrometer, to investigate the mechanism
of massive flow-slides. The discussion in the following sub-
sections is mainly focused on the mechanism and patterns
of mass movements in the Jono-Oge area, which was the
largest flow failure (in terms of area and volume) in the
region after the event.

3.2. Flow-slide at Jono-Oge

As shown in Fig. 9a and b, the flow-slide in Jono Oge
started from the crown next to irrigation channel in eastern
edge of Palu valley to the toe deposits on the western side
of failure zone. The slide spread over 1.5 km? of area with
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maximum displacement of 2 km. The slide swept away the
residential buildings as well as the connecting roads
between the north and south of Jono Oge with huge depo-
sition of residuals on top of the sliding surface. It should be
noted that the over 90% of the area where the flow-slide
occurred was agriculture farms. A high ground water level
and underground water in the surficial sandy layers due the
presence of irrigation channel likely exacerbated the
ground conditions, and contributed significantly to the
large scale flow-slide, which extended over a number of
kilometers.

3.2.1. Satellite and drone imagery

We used Unmanned aerial vehicle (UAV) to collect the
digital images of the flow-slide Since no UAV imagery data
of the pre-earthquake morphological features was avail-
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able, the locations of structures and satellite imagery was
used to identify those features. The post-earthquake dis-
placements and changes in the morphological features of
the area were clearly identified by this combination of
information. The area was categorized into our different
zones I, II, III and IV, as shown in Fig. 10.

Zone (I): The lands enclosed by Zone (I) are mainly rice
and tomato fields with a few numbers of residential build-
ings. Being the crown (head scrap) of the flow-slide region,
Zone (I) extends from northeast side of the failure zone
along the western boundary of the irrigation channel to
the southeast side, where the failure zone intersects with
the channel. The breach of the channel and the destruction
of the water gate resulted in the discharge of a huge volume
of water, resulting in the scouring of the neighboring fail-
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ure bed, as shown in Fig. 11. The subsequent mudflow car-
ried the soil residuals all the way down to the Palu river
[Fig. 11]. The flow-slide in zone (II) resulted in the develop-
ment of extensional cracks, and the rotation and transmis-
sion of individual blocks of surficial soils (Fig. 12a). The
maximum displacement of soils in this zone varies between
2 and 50 m.

1- Zone (II): The flow-slide began in this zone, and then
scouring, erosion and lateral displacement followed.
After the onset of liquefaction in the sandy and
sandy-silty layers below the ground surface, the top
surficial layers started moving in the southwest direc-
tion of the failure zone. It carried the soil blocks and
residuals along with the runout and deposited them in
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Zone (III) (see below). Since the mudflow that
resulted from the breached channel disturbed the
tracing of the transition, the exact direction of soil
movement remains largely unknown. Also, the ero-
sion caused by the flood from the breached channel
disturbed the surface morphology in this region, as
seen in Fig. 12b. The severely eroded areas are devoid
of any vegetation, while the surrounding areas are
still vegetated. In order to map the displacement in
this region, the movement of several structures on
the less disturbed blocks was evaluated. The maxi-
mum displacement in this region varied from 300 to
1,300 m. An example of large-scale movement of
structures on a soil block is shown in Fig. 12¢, where
a residential building (with blue roof) was trans-
ported by about 480 m from its original location on
the eastside of failure zone.

Zone (III): The deposits of the flow-slide area were
collected in this zone as well as the residuals of the
rubble and trees which were transported from Zone
(II). The transportation distance of soil deposits from
zone (III) to zone (IV) due to the mudflow (yellow
colored highlighted area in Fig. 10) is not clear. Some
of the structures were carried by 1,200 m from the
west of the flow-slide region. The mudfiow resulted
in the pile-up of runouts deposits a few meters in
depth in this region (Fig. 12d).
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3- Zone (IV): As explained above, the flow-slide in Zone
(IT) breached the walls of the irrigation channel,
resulting in the flow of flood water through Zone
(I) and Zone (II) until it joined the stream in the
north and traveled the same path to Palu river.

3.2.2. In-situ tests

In-situ tests using the Portable Dynamic Cone Pen-
etrometer Tests (called hereafter PDCPT) were performed
to clarify the mechanism and progression of long-distance
flow-slide at Jono Oge. Soil samples were also collected
from the flow-slide sites for testing. The PDCPT equipment
specifications and test procedures used in this research are
in accordance with the Japanese Geotechnical Society
Standard (2016). These field tests, together with laboratory



H. Hazarika et al. Soils and Foundations 61 (2021) 239-255

119°42'30"E  119°47'30"E 119°52'30"E 119°57'30"E 120°2'30"E
Flow slides -
0°55'0"S Balaroa 0°55'0"S
New alluvial
0°57'30"S Old alluvial fans fans 0°57'30"S
1°0'0"S 1°0'0"S
1°2'30"S e 192'30"S
Epicenter o :
M.=7.5 o Palu river
M,=7.5 i
1°5'0"S x 1°5'0"S
Enlarged View g :
0
1°7'30"S ® Vile 1°7'30"S
= _ Sibalaya

119°42'30"E  119°47'30"E  119°52'30"E 119°57'30"E

[

120°2'30"E

Fig. 8. Locations and extent of flowslides in different areas of Palu valley.

119°53'0"E

(@

0°57'30"S

0°58'30"S

0°59'30"S

119°54'0"E 119°65'0"E 119°56'0"E

°57'30"S

ion chapnel

0°58'30"S

100!0"8
119°53'0"E 119°54'0'E 119°55'0"E 119°56'0"E

(b)

- - - - Before Failure Irrigation o
o After Failure Jono-Oge (flow failure) Channel A

Palu river

‘ _________ G| s Mo - -
f_‘:—f— Gravel laygr =S s Rock 25
(km) 7.38 6.75 6 525 45 375 3 225 15 075 0

Fig. 9. Satellite imagery and ground profile (a) Flow slide after earthquake (c) Cross section at profile 1-2 (Not to scale).

246



H. Hazarika et al.

119°52'30"E 119°53'30"E

0°57'30"S 118 Mudflow

[ IFlowslide

Streamline

0°58'0"S
0°58'30"S
0°59'0"S

0°59'30"S

119°52'30"E 119°53'30"E

Soils and Foundations 61 (2021) 239-255

119°54'30"E 119°55'30"E

0°57'30"S

0°58'0"S

¥

o ’ g
Irrigation Channel
i 0°58'30"S

0°59'0"S

0°59'30"S

;,- Canal Brgach
(km)

119°54'30"E 119°55'30"E
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Fig. 11. UAV imagery of channel breaching and water gate destruction in Jono Oge (Location No. 1 of Fig. 10).

testing of the collected soil samples and visual observation
of site condition, were expected to provide valuable infor-
mation on the subsurface properties.

Fig. 13 shows the locations of the sites where soil sam-
ples were collected and PDCPT were conducted. As can
be seen from the figure, the locations for the PDCPTs
(PDCPT1, PDCPT4, PDCPTS5, PDCPT6, PDCPTS) were
selected such to ensure various locations with different
characteristics were included: within the flow-slide zones
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(zones (I) and (II)) and outside of the flow-slide zone in
North-South (alongside the damaged main access road
connecting North to south of Jono-Oge ) and in the
South-North-East directions.

3.2.2.1. Results from the tests conducted outside the flow-
slide zone. A PDCPT1 was conducted outside the failure
zone on the margin far from the extensional cracks. Since
the original stratification of ground is well preserved
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outside of flow-slide area, the result of PDCPT1 was used
as a benchmark for evaluating the results of the PDCPT
tests within failure zones (II) and (I).

Fig. 14a shows the aerial view of the PDCPT1 location
and the resulting N-values, which varied with depth. The
test was conducted on an agriculture farm (with paddy
fields and a tomato farm). The clear decrease in the N value
in the soil layers below 3.5 m is an indication of loose lig-
uefiable layers. The very high ground water level (which

248

was higher than the water level at the time of testing G.
W. L = 2.3 m) also contributes to and increased risk of lig-
uefaction in shallow underground layers.

In order to identify the soil profile of PDCPT1, an image
of an extensional crack with depth of around 2.5 m in a
nearby cliff is shown in Fig. 14b. The soil stratification is
clearly visible and less disturbed due to the downhill
flow-slide. The surface layer is composed of 10-20 cm of
organic soil followed by 30-40 cm of clay and silty clay
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Fig. 12. Aerial imagery of damage within the failure Zones (a) extensional cracks in Zone (I) (b) flowslide and erosion of ground due to the mudflow Zone
(1) (c) displacement of blue house in zone (II) (d) long distance transition of residential buildings after flowslide and mudflow (e) intersection of mudflow

and stream.

Legend
# PDCPT tests
¥ Soi samples

Fig. 13. Locations of the PDCPT and collected soil samples at Jono-Oge.

layer. The underlying silty sand layer, which is between 10
and 20 cm in thickness, is sandwiched between the upper
clayey layer and the lower clay silt layer, which is between
10 and 20 cm in thickness. Below the silty layer, there were
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several layers of sandy and gravelly sand layers which
appeared to be affected by liquefaction in the underlying
layers. As described in Kokusho (1999), it is possible that
the presence of these low permeable layers at the top
allowed the formation of a water film between them and
the underlying gravelly sand layers. Some soil samples were
collected from the exposed parts of extensional cracks, and
the basic physical properties of soils in the stratified layers
were determined.

3.2.2.2. Results from the tests conducted within the flow-slide
zone. As shown in Fig. 13, the PDCPT 4, 5, 6, 8 were con-
ducted alongside the damaged road that connects the
North and South of flow-slide region. The locations and
results of PDCPT 4, 5, 6 and 8 are shown in Fig. 15a~d.
PDCPT4 was conducted beside the collapsed bridge in
the North of Jono-Oge (Fig. 15a). PDCPTS5 was conducted
within the flow-slide Zone (I) (the tension zone), where
there were many soil blocks which had been dragged along
and had rafted together in failure area (Zone (II)) (the com-
pression zone) (Fig. 15b). PDCPT6 was conducted in zone
(ITI), where the flow-slide apparently started (Fig. 15c).
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cracks.

PDCPTS8 was conducted a few meters from the red building
(Fig. 15d) which defied the ground movement and
remained in its original position. Even though the building
sustained considerable damage, rendering it uninhabitable,
it did not experience displacement like the other structures
in the flow-slide zone. This structure may have been able to
resist the flow slide because of the massive raft foundation
elaborated in Kiyota et al. (2020).

The N values obtained from all the PDCPTs for depths
less than 5 m ranged between 5 and 10. These values indi-
cate that the soils could be categorized as loose to very
loose (USACE, 1994). These N values correspond to the
critical Ncr values for soils categorized as potentially lique-
fiable at this range of depths (Koizumi, 1966). The soils
appear to be loosely deposited sand and silty sand layers
which were transported from the upstream of the flow-
slide region. However, the resultant N-values from PDCPT
8 are greater than 10 beyond the depth of 3.5 m. That is,
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the N-values for PDCPT 8, which was conducted close
the red house, were higher than for the other tests. A trend
similar to PDCPT 8 was observed in the tests conducted by
Kiyota et al. (2020) in the same vicinity. The out of trend
peak in the results for in PDCPT 5 was attributed to the
presence of a gravelly layer at 2.5 m, which appears to have
been liquefied. According to historical records, the lique-
faction of gravelly soils is rare. However, some cases of lig-
uefaction in gravelly soils were observed in past
earthquakes, such as during the 1995 Hyogoken Nambu
earthquake, Japan, as well as during the 1983 Borah Peak
earthquake in the United States, where extensive liquefac-
tion took place in fluvial sandy gravel layers (Kokusho
et al., 2004). It should be noted, however, that the lateral
displacement and flow-slide in these earthquakes was
between only a few meters and tens of meters. In the
2018 Sulawesi earthquake, the displacement of soil blocks
was between a few meters to hundreds of meters. This
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Fig. 15. Aerial imagery of locations of PDCPT and Ngpr versus depth values (a) PDCPT4 (b) PDCPTS5 (c) PDCPT6 (d) PDCPTS.

was remarkable considering the very gentle slope of the  were tested to determine the grain size distribution. The
ground and and that this area had no recorded history of  grain size distribution of soil samples S1, S3 and S5 are

liquefaction induced flow-slides. shown in Fig. 16. The soil in sample S1 can be classified
as a uniform sand with traces of silt, while the soils in sam-
3.2.3. Gradation of soil samples ples S3 and S5 can be classified as non-plastic silt (Japanese

Soil samples were collected from locations near the  Geotechnical Society Standard, 2016). As seen in Fig. 16,
PDCPT tests in the failure zone as shown in Fig. 13 and  soil sample S1 is the most liquefiable among the samples,
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Fig. 16. Gradation of soil samples S1, S3 and S5 collected from the site.

whereasthe soils in samples S3 and S5 are potentially lique-
fiable soils, according to the soil classifications proposed by
Tsuchida (1970). These soils were either transported by the
flow slide, by the succeeding mudflow or deposited as resid-
ual soils. According to the handbook of Port and Harbor
Research Institute of Japan (PHRI, 1997), the gradation
of these soil samples indicates they are potentially
liquefiable.

3.3. Probable mechanism of failure

According to interviews with eyewitnesses and video
recordings of the flow-slides in the aftermath of the earth-
quake, flow failure started a minute after the earthquake
had stopped first at the eastern side of Zone II. The flow-
slide transported the soil blocks, houses and trees down
the slope towards the Palu river at a relatively slow rate
and deposited the residuals in Zone III. After the initial
movement of ground in Zone II, the structure of the sur-
rounding ground also failed, and it began flowing into
the primary zone. The materials were carried distances of
between a few tens of meters (Zone (I)) to around 1.5 km
(Zone (II)) due to the flow-slide. Also, the breach of the
irrigation channel resulted in mudflow into the area already
affected by flow-slide. Interestingly, during the field investi-
gations, the authors found that the surficial soil, which had
been transported long distances by the flow-slide, behaved
like a jelly after overnight rainfall and could not bear the
static vertical load of an average human being. This is evi-
dence of the very low static resistance of the displaced soil,
and that the soil dilated under axial stress in saturated or
partially saturated conditions.

The mechanism of the long-distance flow failure at Jono
Oge is not yet clearly understood at this stage. There have
been many theories and assumptions proposed by various
researchers. Besides the complicated nature of the various
factors involved in triggering the flow-slide, the resultant
mudflow changed the morphology of the area through ero-
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sion, and removed the traces of flow-slides, making it diffi-
cult to propose a concrete hypothesis regarding the
possible mechanism of failure. Kiyota et al. (2020) have
proposed a hypothesis based on the assumption that the
artisan pressure from the underlying confined aquifer trig-
gered the flow-slide by reducing the effective stress along
with the shear strength of the overlying ground surface.
While the authors could not validate the presence of any
such aquifer in their research, the JICA (2019) report sub-
stantiated the existence of a confined aquifer at a depth of
about 30 m trough borehole tests, which is assumed to exist
at a shallow depth. Also, it was observed from trenches
excavated in the flow-slide zone that the sub-soil lithology
was highly stratified with alternating layers of sand, sandy
clay, silt, gravel, and organic soils, which reduced the effec-
tive permeability of the surface layers. The low permeabil-
ity of the surface layers is thought to have inhibited the
dissipation of excess water pressure despite the upwards
pressure, which exceeded the critical hydraulic gradient
from the confined aquifer.

Similar case of flow failure have been reported in the
past in Lower San Fernando dam during the 1971 San Fer-
nando earthquake, where failure occurred approximately
1 min after the ground ceased shaking (Seed, 1987).
Kokusho (2003) summarized earthquake-triggered time-
delayed flow failure cases, including the submarine land-
slide at Valdez as a result of the 1964 Alaskan earthquake.
While the inertia force due to the earthquake is considered
the biggest factor in such failures, there are many other
contributing factors. For example, in the 1964 Niigata
earthquake, the ground lithology based on bore-logs was
found to be stratified with silty sub-layers sandwiched
between loose sandy layers (Kishida, 1966). Furthermore,
Kokusho and Fujita (2002) investigated the large lateral
displacement of about 4 m following the 1964 Niigata
earthquake in liquefied areas, despite the very gentle slope
of the ground surface (less than 1%) and concluded that it
was initiated by water-films of ultra-low shear resistance
which appeared beneath low permeable silt seams sand-
wiched in clean sand deposits. In the case of Jono Oge,
the presence of low permeable cap layers and underlying
highly liquefiable sand and silty sand layers could be a fac-
tor in the failure of the ground. It may therefore be reason-
able to suggest that an analogy can be drawn between this
time earthquake and the 1964 Niigata earthquake. It is
acknowledged that there has been no report of such a
long-distance flow failure in the literature as that seen at
Jono Oge.

A series of model tests conducted by previous research-
ers (Kokusho, 1999, 2016; Kokusho and Kojima, 2002),
have revealed that liquefaction at a site with sandwiched
lithology results in the liquified soil being trapped below
the low permeability cap layer. This creates a thin inter-
layer of water, referred to as a “water film*“. The resulting
inhibition of excess pore water pressure dissipation and
presence of the water-film reduces the residual shear
strength of the sandy soil layer to below the initial static
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of liquefaction (c) after the earthquake.

shear stress. Consequently, even on a very gentle slope, lat-
eral flow takes place due to the action of gravitational force
until equilibrium is achieved. Note that the results of com-
mon laboratory tests have shown that such capping layers
may not be continuous and that they do not necessarily
spread horizontally across the whole failure zone.

The authors believe that complex factors were involved
in the triggering of the large-scale flow-slide at Jono-Oge
on a very gentle sloping ground, which continued even
after the seismic ground motion ceased. The combined
effects of typical geology and the terrain, the formation
of a water film due to liquefaction of the sandy layer over-
lain by capping layer, and the existence of underlying arte-
sian aquifer may all have played a role in the long-distance
flow-slide at Jono-Oge (Fig. 17a~c). The presence of a con-
fined aquifer at a shallow depth and water springs in the
Balaroa and Petobo flow-slide zone, which was confirmed
by Kiyota et al. (2020), may also have contributed to the
flow-slide.

4. Conclusions and recommendations

This paper presents a preliminary report on the geotech-
nical damage brought by the 2018 Sulawesi earthquake
based on the results of a reconnaissance survey and subse-
quent data analyses and their interpretations. Much of the
damage to infrastructures was caused by liquefaction
induced long distance flow-slides in Balaroa, Petobo,
Jono-Oge and Sibalaya areas of Palu city.

The focus of this report was on the Jono-Oge area,
where the flow-slide was the longest. The authors collected
information using a number of different surveying meth-
ods, including the use of a GPS device, cameras, and
UAV. Furthermore, the ground condition in the affected
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areas was investigated by in-situ testing, including PDCP
tests and soil sampling (both disturbed and undisturbed).

The image data collected by UAV and satellite images
were used to evaluate the large-scale displacements at
flow-slide area and explain the mechanism of failure. Based
on the information gathered in this research, the following
conclusions could be drawn:

e The geological morphology of central Sulawesi as well
as magnitude and scale of extreme event caused by an
earthquake at the Palu-Koro fault were found con-
tributed to the severity of the geotechnical failures, such
as liquefaction the induced flow-slides and the distance
of the flow-slides.

Considering the geological features of Sulawesi region, it
can be concluded that all major flow-slides in the Palu
valley occurred at locations where a new alluvial fan
meets an old alluvial fan.

The presence of low permeable layers (silt and clay) over
loosely deposited sandy and sandy gravel layers suggests
the complex mechanism of the long-distance flow-slide
at Jono-Oge can be explained by the interlayer water
film theory. Furthermore, it is assumed that damage to
the underlying artesian aquifer during the earthquake
may also have contributed to the development of the
water film and the liquefaction induced flow-slide in
the layers with very low mobilized shear resistance
(nearly zero).

Further research, including geophysical tests as well as
laboratory tests and physical modeling, is required to
determine the actual mechanism of such flow failures,
and to suggest preventive measures against future
geohazard risks in areas with similar geological
features.
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