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Abstract. On 28 September 2018, a strong earthquake (Mw 7.5) struck Donggala Regency triggering flow
liquefaction (locally termed Nalodo) phenomena in two residential areas in Palu City. Mitigating such an
earthquake collateral hazard requires understanding the geological condition controlling such liquefaction.
This paper presents a geophysical study to clarify the geological condition controlling the Nalodo
phenomena in Palu City. The objectives of this study were to estimate shear wave velocity (Vs) profiles in
the Nalodo and non-Nalodo sites and evaluate liquefaction potential based on the shear wave velocity
profiles. The study involved a series of array microtremor surveys in two Nalodo sites and three non-Nalodo
sites in Palu City. The results show that Vs generally increases with depth but varies from one site to another.
Based on the Vs profiles, a thick soil layer with Vs of less than 175 m/s is present from the ground surface in
the Balaroa and Petobo sites. Contrary, this soil layer is detected at a deeper depth in the non-Nalodo sites.
Based on the liquefaction potential analysis, the near-surface soil layers in the Balaroa and Petobo sites are
clearly liquefiable for all the PGA values used in this study. Although deeper soil layers can also be liquefied,
no liquefaction occurred in non-Nalodo sites because a thick medium soil layer exists near the surface. Thus,
a thick soil layer with V5 of less than 175 m/s near the ground surface controls the Nalodo phenomena in
Palu City. Further studies to clarify other factors controlling flow liquefaction are recommended.

1 Introduction

The 28 September 2018 strong earthquake (M,, 7.5)
triggered by the movement of the Palu-Koro Fault zone
also caused massive flow liquefaction phenomena
(locally termed Nalodo) in highly populated areas in the
Balaroa dan Petobo sub-district in Palu City (Figure 1).
The flow liquefaction phenomena have annihilated
residential areas and claimed many lives in two affected
areas. Since future earthquake events have still
potentially triggered flow liquefaction, understanding
the sub-surface condition leading to flow liquefaction is
requisite to establish proper effort to mitigate such
liquefaction.

According to [1, 2], a flow liquefaction failure
commonly takes place in gently sloping areas with a
slope of more than 5% and is induced by the presence
of a thin sand layer below the dense soil layer [2].
However, the flow liquefaction phenomenon in Palu
City only took place locally in Balaroa and Petobo areas.
This discrepancy in flow liquefaction vulnerability is
probably associated with the sub-surface geological
condition that varies from one region to another.

The understanding of liquefaction phenomena is

generally obtained from sub-surface geotechnical Fig. 1. Flow liquefaction disaster phenomena in Balaroa

investigations such as geotechnical drilling with (above), and Petobo areas (below) due to the 28 September
standard penetration tests (SP7) and cone penetration 2018 earthquake (M., 7.5).
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tests (CPT). Although these geotechnical methods
provide detailed geotechnical data essential for
liquefaction analysis, such as soil types, soil strength,
and groundwater level, these methods are time-
consuming and costly.

Many recent studies have applied geophysical
methods to study flow liquefaction phenomena in Palu
City [3], [4], [5] [6]. While all these studies have
provided information on the sub-surface geology and
hydrological condition of the flow liquefaction areas,
none has attempted to evaluate the spatial variation of
sub-surface geological conditions of the flow
liquefaction and no flow liquefaction areas. Thus, a
geophysical study that provides a substantial
understanding of the geological condition controlling
flow liquefaction phenomena is favorable.

This paper presents the results of a geophysical
investigation using the array microtremor method to
provide an understanding of the geological condition
controlling flow liquefaction phenomena in Palu City.
The objectives of the study were to (1) estimate shear
wave velocity (¥5) profiles and (2) evaluate liquefaction
potential based on the shear wave velocity profiles in
flow liquefaction and no flow liquefaction sites.

2 Geological condition and tectonic
setting of Palu City

2.1 Geological condition

According to the geomorphological classification [7],
Palu City can be classified into three geomorphological
classes: fluvial and structural denudational origins. The
fluvial origins dominate the center part of Palu City and
consist of alluvial fan, river beds, and flood plains with
a slope inclination of 0 to 5%. Meanwhile, the structural
denudational origins consist of mainly rolling and hilly
topography and hilly to mountainous ridges with a slope
inclination of higher than 5%. These structural
denudational units extend to the north and east Palu
regions. Field observations conducted after the
earthquake showed that all liquefaction manifestations
occurred in the fluvial geomorphological units.

Geologically, Palu City is mainly characterized by
two different types of rock formations, i.e., alluvial and
coastal deposits (Qap) and Celebes Molasse (QTms) [8].
The alluvial and coastal deposits are the youngest
sediments in this area and are likely Holocene in age.
They consist of gravel, sand, silt, and coral limestones
deposited in rivers, deltas, and shallow seas.

According to [9], the alluvial deposits can be divided
into young and old alluvial fan deposits, flood, alluvial,
and old river channel deposits. The alluvial fan deposits
are found on the hilly lowlands stretching on the east and
west sides of the valley. According to Figure 2, flow
liquefaction phenomena in the Balaroa and Petobo areas
involved the alluvial and old alluvial fan deposits.

On the other hand, the Celebes Molasses consists of
sandstones, conglomerates, mudstones, marls, and coral
limestones, which are poorly consolidated and
originated from older formations [8]. They are found on
both ridges at lower altitudes, unconformably overlying
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Fig. 2. The geological map of Palu City region showing the
sites of flow liquefaction phenomena (modified from [7]).

the metamorphic rock complex (km) and Tinombo
Formation (Tt). Nearby the metamorphic rock complex
in the western part of the eastern ridge, the molasse
outcrops are made up primarily of boulders and are
probably accumulated near a fault. Toward the sea, these
outcrops change into fine-grained clastic rocks [8].

2.2 Tectonic setting

Tectonically, the geological structure in the Palu City
area is primarily controlled by the main active fault,
namely Palu-Koro Fault, with left-lateral movement and
an NNW-SSE trend [10-14]. This strike-slip fault is
recognizable within the basin, crosses the lower portion
of old alluvial fans, and is characterized by the intra-
basin ridge in the slightly uplifted ground surface from
the adjacent surfaces [15]. The 28 September 2018
earthquake (M,, 7.5) revealed the main Palu-Koro fault
line, traceable from Sigi Regency, Palu City, and Palu
Bay [14, 16]. The fault movement yielded a maximum
slip of 6+0.5 m within Palu City, with an average of up
to 4.7 m in the northern and southern parts of the city
[16].
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3 Methods

3.1 Microtremor data
processing

acquisition and

A series of array microtremor measurements were
conducted using four McSEIS MT-NEO accelerometers
to estimate shear wave velocity (V) profiles in 5 sites,
as shown in Figure 3 and summarized in Table 1. At
each site, one microtremor sensor was placed at the
center of the circle with a radius, r. The other three were
placed on the circle with the shape of a regular triangle.
The measurement duration and the sampling frequency
were 45 minutes and 100 Hz, respectively. Sequential
measurements were carried out five times by changing
the array radius; r =5, 10, 20, 40, and 80 m.

The measurement data was transformed from the
time domain into the frequency domain. Then, each
dispersion curve (phase velocity vs. frequency) was
calculated using the SPAC method [18]. After
processing each array individually, the dispersion curve
for the 5, 10, 20, 40, 80 m arrays were combined to form
a composite dispersion curve. Then, inversion analyses
were undertaken on the combined dispersion curve to

Table 1. Array microtremor measurement sites.

Site Coordinates Remarks
Balaroa 0°54.425°S | 119°50.541’E F*

Boyaoge 0°54.895°S | 119°51.189°’E | NF**

South Tatura | 0°55.015°S | 119°52.492°E | NF**

North Birobuli | 0°55.096°S | 119°54.044’E | NF**
Petobo 0°56.623°S | 119°54.961’E F*

* Flow liquefaction ** No flow liquefaction

3.2 Liquefaction potential analysis

Analysis of liquefaction potential with the shear wave
velocity method was conducted in 3 (three) stages: (1)
calculation of cyclic stress ratio (CSR), (2) calculation
of cyclic resistance ratio (CRR), and (3) calculation of
the factor of safety against liquefaction (FS).

The calculation of CSR was conducted using a
simplified equation of [19] as shown in Equation 2,
where apq is the maximum earthquake acceleration at
the ground surface (PGA), g is the acceleration of
gravity, o, is the initial total vertical stress at depth z,

o’y is the initial effective vertical stress, and ry is the

Fig. 3. Array microtremor measurement sites: (a) Balaroa, (b) Boyaoge, (c¢) South Tatura, (d) North Birobuli, and (e) Petobo.

estimate a shear wave velocity (V5) profile for each site.
Then, based on the ¥V profile at each site, the average
shear wave velocity to a depth of 30 meters (V,30) was
calculated according to Equation 1 to determine the site
class.

30
V.30 = - 1

s ZiN";—li 1)
, where N is the number of soil layers, #; is the thickness
of each soil layer, and V;is the shear wave velocity for
each soil layer.

shear stress reduction factor that accounts for the
dynamic response of the soil profile, according to [20].

CSR = 0.65 x % % X Ty @

The 28 September 2018 earthquake (M, 7.5)
produced a PGA of 0.34g, according to [21].
Meanwhile, according to [22], the PGA value in all
study sites is in the range of 0.4 to 0.6g. This current
study applied PGA values of 0.33 to 0.6g for calculating
CSR by considering the site coefficient based on the site
class [22].
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Meanwhile, the cyclic resistance ratio (CRR) is
calculated based on the shear wave velocity [23], as
shown in Equation 3. Vs is the stress-corrected shear-
wave velocity (m/s), and V’s; is the limiting upper value
of Vs for cyclic liquefaction occurrence, which varies
between 200 and 215 m/s, depending on the fines
content of the soil, and MSF is a magnitude scaling
factor. Vs; is given by Equation 4 [24], where Pa is the
reference stress of 100 kPa. The magnitude scaling
factor is given by Equation 5 [25], where M,, is the
earthquake moment magnitude.

CRR = [0.022 (@)2 +28 ( ! i)] MSF

100 ViVsr Ve
0.25
P,
Vs1 = Vs (U—‘f) @
v
—2.56
- M_W)
MSF = (7,5 ®)

Finally, the factor of safety against liquefaction (FS)
was determined using Equation 6 [23]:

FS = CRR/CSR ©)

By convention, when FS is less than 1, liquefaction
is most likely to occur. On the other hand, liquefaction
is unlikely to occur when FS' is higher and equal to 1.

4 Results and discussions

4.1 Profil Vs and site class

Figure 4 shows the shear wave velocity (V) profile for
each site obtained from the inversion process of each
dispersion curve. It is evident from this figure that V
values generally increase with depth but vary from one

Balaroa and Petobo sites. This soil layer of less than 3
m thick is also detected at depths of 2-3 m in the North
Birobuli site. Meanwhile, the soil layer is detected
deeper in the Boyaoge site than in the Balaroa and
Petobo areas. It is also apparent from Figure 4 that this
soil layer seems not to exist in the South Tatura site at a
shallow depth. This evidence indicates that the presence
of this thick soil layer of low V; near the ground surface
is one of the controlling factors of flow liquefaction
phenomena in Palu City during the 28 September 2018
earthquake. In other words, the absence of this soil layer
near the ground surface will lead to no liquefaction
phenomena. The results of this study are apparently in
good agreement with the sub-surface geotechnical
drilling data conducted by JICA [26], which show that
flow liquefaction occurrence in Balaroa and Petobo
areas involved loosely-packed sand, with N-SPT values
of less than 10.

4.2 Liquefaction potential

The results of liquefaction potential analysis in all sites
up to the depth of 30 m are shown in Figure 5. As seen
in this figure, the thick soil layers of low shear wave
velocity (Vs < 175 m/s) in Balaroa and Petobo sites up
to the depth of up to 7 m are liquefiable for all the
prescribed PGA values. It is also worth noting that this
soil layer at depths of 2-3 m in the North Birobuli site is
also liquefiable for all the prescribed PGA values.
However, only sand boiling, rather than flow
liquefaction, occurred at this site during the 28
September 2018 earthquake.

As also seen in Figure 5, soil layers at deeper depths
in the Boyaoge, South Tatura, and Petobo sites are also
liquefiable. However, no liquefaction manifestation was
observed in Boyaoge and South Tatura sites during the
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Fig. 4. Shear wave velocity profile (V) for: (a) Balaroa, (b) Boyaoge, (c¢) South Tatura, (d) North Birobuli, and (e) Petobo sites.

site to another. For example, in the Balaroa site, the V
profile indicates that a bedrock layer is likely to exist
from a depth of deeper than 90 m. The bedrock layer is
much deeper in other sites than the Balaroa site.
According to Figure 4, all sites are classified into site
class D (Sp), with the values of V30 varying between
230 and 280 m/s.

The soil layer with V; values of less than 175 m/s
about 7 m thick from the ground surface is present in the

earthquake. This discrepancy is probably associated
with the existence of thick, hard soil layers near the
ground surface, preventing liquefaction from occurring
in these two sites.

5 Discussions

The results of this current study point out the role of a
thick, soft to medium soil layer near the ground surface
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Fig. 5. Graph of CSR versus CRR for each site: (a) Balaroa, (b) Boyaoge, (c) South Tatura, (d) North Birobuli, and (e) Petobo.

as one of governing factors in the flow liquefaction
occurrence in Balaroa and Petobo. However, although
thick loosely-packed sediments may almost exist in Palu
City, other factors may have a critical role in controlling
flow liquefaction because flow liquefaction phenomena
only occurred in Balaroa and Petobo areas. Based on
microtremor measurements in the Balaroa, [4] found
that the subsurface topographical condition in the flow
liquefaction area seems to play an essential role in the
occurrence of flow liquefaction at this site. Another
geophysical study by [6] also indicated that the
subsurface topographical conditions governed the flow
liquefaction phenomena in Balaroa and Petobo areas.
Thus, these studies imply the significance of a detailed
subsurface study, using a combination of geophysical
and geotechnical methods to establish a better
understanding  of  subsurface geological and
topographical conditions required for the potential flow
liquefaction risk assessment in Palu City. Finally,
massive flow liquefaction in Balaroa and Petobo may
also occur in other coastal cities, built on sedimentary
basins, prone to strong earthquake shaking.

6 Conclusions

Based on the analysis of all shear wave velocity profiles,
the existence of a thick soil layer with V; values less than

175 m/s near the ground surface controls the flow
liquefaction phenomena in Palu City. Although deeper
soil layers may liquefy, the presence of a thick, densely-
packed soil layer near the ground surface may hinder
liquefaction at the ground surface. While this current
study has shown how near-surface soil layers control the
flow liquefaction phenomena in Palu City, further
studies aiming to clarify other factors controlling flow
liquefaction are recommended.
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