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Abstract

On September 28, 2018, a 7.5-magnitude earthquake struck Palu City, Sigi Regency, and Donggala Regency in Central
Sulawesi. It triggered liquefaction in different locations, including Balaroa, Petobo, Jono Oge, and Sibalaya; Typically, a
significant number of studies conducted in the Balaroa region relied on a small amount of field test data to cover a rather
large area. This research aims to map the liquefaction vulnerability by analyzing the data from both the Swedish Weight
Sounding (SWS) and the Standard Penetration Test (SPT) in the Balaroa area. The SWS data was acquired through
mapping using a systematic grid sampling method at ten different locations. The liquefaction potential was analyzed based
on the N values by converting the SWS data (Nsw and Wsw) to N values using the Inada equation (1960). Afterward, the
analysis findings were verified by comparing them with the SPT data obtained from the same area. Based on the SWS and
SPT data analysis results, all locations, including the adjacent areas, exhibited very high liquefaction vulnerability. In
contrast, the SPT data indicated that the areas further from the spots exhibited low and very low liquefaction. The findings
indicated that the occurrence of post-earthquake liquefaction in Balaroa and other regions within Palu City is prone to
recurrence following earthquakes of specific magnitudes.
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1. Introduction

Central Sulawesi, a province in Indonesia, is prone to high-magnitude earthquakes. On September 28, 2018, at 06.02
p.m., a 7.5-magnitude earthquake mostly affected Donggala Regency, located 80 km northwest of Palu City. It also
impacted Palu City and Sigi Regency [1]. Figure 1 displays the epicenter and distribution of ground shaking as measured
by the MMI (Modified Mercalli Intensity) scale and reported by the USGS (United States Geological Survey). The
distribution map shows that the ground shaking in Palu City reached intensity 1X on the MMI scale [2]. The earthquake
resulted in significant structural damage to buildings and induced liquefaction, leading to numerous casualties.
Liquefaction occurred in Petobo and Balaroa villages in Palu City, as well as in Jono Oge and Sibalaya villages in Sigi
Regency.

Liquefaction is the process by which granular deposits lose their strength and stiffness and transition from a solid to
a liquid state due to an increase in pore water pressure during seismic waves [3]. Liquefaction is most likely to happen
in areas prone to earthquakes, where there are water-saturated and low-density sand deposits, and when the seismic
waves exceed certain threshold values [4]. This phenomenon is an aftermath of earthquakes in areas with unconsolidated
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sand and a shallow water table (< 9.0 m). It is affected by the intensity, duration, and proximity to the epicenter of
seismic waves. Liquefaction-prone sandy soil layers are typically found in geologically restricted areas. Liquefaction
commonly occurs in areas with alluvial fan deposits, alluvial plains, coasts, former lakes, and estuaries [5, 6].
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Figure 1. Map of the epicenter location and earthquake intensity distributions measured on the MMI scale
(modified from [7])

Extensive research has been conducted on liquefaction in Palu City, located in the Central Sulawesi Province, as
well as in several other provinces and countries, including those with a wide range of topics and areas of investigation.
Multiple investigations on liquefaction in Balaroa after the Palu earthquake in 2018 encompassed surveys and
observations of geotechnical damages [2, 8—11], evaluations of liquefaction potential using SPT data [12-14], CPT
(Cone Penetration Test) and shear wave velocity (Vs) data [15], and microtremor data [16, 17]. Although liquefaction
potential research using SWS data had been conducted at six locations in Balaroa [18], the availability of SWS
technologies in Indonesia remains severely limited, thus resulting in insufficient research conducted using these tools.
The commonly employed soil investigations in Indonesia are the Standard Penetration Test (SPT) and Cone
Penetration Test (CPT). Furthermore, many researchers have used the data obtained from SPT and CPT results to
determine the liquefaction potential. The tests require considerable resources, including skilled operators, supporting
equipment, and larger budgets; nevertheless, this research used cost-effective and portable SWS data. The SWS device
was operated manually. It had a relatively effective ability to penetrate and was capable of exploring depths of up to
10 meters. Typically, a significant number of studies conducted in the Balaroa region relied on a small amount of field
test data to cover a rather large area. This research mapped the liquefaction potential using the SWS and SPT data
[19]. The liquefaction potential was analyzed based on the N values by converting the SWS data (Nsw and Wsy) to N
values using the Inada equation (1960). Afterward, the results were verified by comparing them with the SPT data in
the same location.
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2. Literature Review

The Swedish Weight Sounding (SWS) test was initially introduced and recommended in Sweden in 1917. It has
since been used for conducting field surveys of subsurface profiles beneath railroads. Since then, the SWS test method
has gained extensive use in Sweden, Norway, Finland, and Denmark. In 1954, the SWS test method was initially utilized
in Japan to conduct field surveys of river embankments. Over time, it was expanded to include field surveys of road
construction. In 2001, the Ministry of Land, Infrastructure, and Transport in Japan officially recommended the SWS test
method as a means to estimate the permissible shear strength of soil for residential construction [20]. The SWS test has
been implemented in various Eastern European nations, as well as in Singapore and Algeria [21]. It was used to calculate
the required foundation depth and bearing capability for multiple buildings located in the southern area of Tehran, Iran
[22].

An empirical correlation was established between the number of N-SPT strokes and that of Ns, half-turns from the
SWS test. This correlation closely resembled the one proposed by Inada, indicating that a similar correlation could be
applied in the Philippines with minor adjustments [23]. Research conducted at the University of Sheffield, UK, analyzed
the liquefaction potential in residential dwellings, using Swedish Weight Sounding (SWS) at 7 places in a sandbox with
dimensions of 40 m length, 6 m width, and 5 m depth. Based on the SWS data, the factor of safety was lower while the
LPI value was higher compared to the SPT data [24]. The soil types were classified based on the sound pressure level
(SPL) measured using Swedish Weight Sounding (SWS) equipment in the vicinity of the site. The complete tests include
SWS and SPT at four different locations. Additionally, sieve analysis was performed at two different locations. Based
on the suggested SWS test, the accuracy of soil classification was lower compared to that of SPT despite being
considered sufficient for residential soil surveys at a reduced cost [25]. The soil collapses that occurred in Lokanthali
along the Araniko Highway in Kathmandu as a result of the 7.8-magnitude Gorkha earthquake in 2015 were detected
using the Swedish Weight Sounding (SWS) test, Vane Shear Test (VST), and topographic mapping. Additionally,
numerical research was conducted to get insight into the seismic susceptibility of the location. According to the study,
Lokanthali experienced landslides caused by seismic activity, despite having gentle slopes and being subjected to mild
ground accelerations during the Gorkha Earthquake [26].

3. Research Methodology
3.1. Research Framework

This research commenced by examining general information about the location, geological maps, topographic maps,
and aerial images of the liquefaction-afflicted area, Balaroa. In addition, the liquefaction potential was analyzed by using
field data of SPT and SWS. The liquefaction potential analysis yielded a safety factor (SF), which is the ratio of Cyclic
Resistance Ratio (CRR) to Cyclic Stress Ratio (CSR) by which the liquefaction potential index (LPI) value could then
be derived. The liquefaction potential at each testing location was analyzed based on their geographical coordinates and
then mapped using ArcGIS software. The research methodology implemented is illustrated in Figure 2.
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Figure 2. Flowchart of Research
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3.2. Study Area

This research was conducted in Balaroa, an area situated in the western part of Palu City. Balaroa is the sole location
along the west coast of the Palu River that is experiencing liquefaction. It is near the Palu-koro fault (approximately 100
m). Hence, the intensity varied amongst Petobo, Jono Oge, Sibalaya, and Lolu [1]. In addition, the Balaroa area has a
comparatively more pronounced incline in its terrain compared to Petobo and Jono Oge, with the geological gradient
ranging from 2% to 5% [1].

Baloroa covers an area of approximately 203,042 ha comprising 85% plain and 15% hills with 15 m in elevation
[27]. Following the occurrence of the Palu earthquake in 2018, numerous buildings located approximately 1 km to the
west of the Palu-Koro fault sustained significant damage. The damages included properties and roadways, affecting an
area of approximately 34.5 ha with a radius of 2.5 km [1], an additional area of 38 ha [2], and a width of 0.4 km? [10].
The initial slope between crown and toe was roughly 3° [2], and less than 5% [28]. Figure 3 demonstrates the Balaroa
area before and after the 7.5-M,, earthquake in 2018 and the condition of Balaroa in October 2002 [29].

Subsurface offset : :
meters | ofthe 2018 Palu earthquake D Liquefaction area 2018

0 50 100 200 300
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Figure 3. Balaroa area before and after the 7.5-Mw earthquake; modified from [29]

3.3. The SWS (Swedish Weight Sounding) and SPT (Standard Penetration) Test Location

This research employed geotechnical investigation data obtained after the 7.5 M,, earthquake in the Balaroa area,
using the SWS and SPT data. Figure 4 shows the test locations. The SWS data comprised 29 points including 20 points
in the liquefaction-affected area (S-01 to S-20), 5 points bordering the liquefaction-affected area (S-21, S-22, S-23, S-
24, S-29), and 4 points near the liquefaction-affected area (S-25 to S-28). The SPT data comprised 6 sites, i.e., BH-01
located in the liquefaction-affected area, BH-02 and BH-05 located on the border of the liquefaction-affected area, and
BH-03, BH-04, and BH-06 located at a considerable distance from the liquefaction-affected area.
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Figure 4. The location of Swedish Weight Sounding and Borehole Test Points
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The SWS test on the liquefaction-affected area did not align with the planned grid due to an unsuitable placement.
Several points were situated in a marshland abundant with towering vegetation, while others were situated on ground
covered with scattered rocks. Due to existing rocks in shallow layers, the test points were relocated by up to 6 points.
The grid direction was aligned parallel to the landslide, which extended from west to east. Figure 5 illustrates a specific
area in Balaroa that is characterized by the presence of weeds and rocks.

kg

(b)
Figure 5. Condition of Balaroa during the examination on June 2023 (a) Area with rocks (b) and (c) Marsh filled with tall grass

3.4. Swedish Weight Sounding (SWS)

The Geotechnical Commission of the Swedish State Railways introduced SWS in 1917 [30, 31]. It is a device to
measure the resistance of static soil penetration and assess soil hardness or soil layer composition. As a simple device,
it effectively penetrates soil and is suitable for conducting soil surveys with a maximum depth of 10 m. Furthermore, it
can be classified as a cost-effective and highly portable on-site examination [32—34]. In addition to its simplicity, this
device has a profile with a continuously evolving resistance to penetration, which is useful for stratigraphic
interpretation. However, the primary limitation of this instrument is that the user must first convert the acquired data
into the penetration resistance equivalent to N-SPT or CPT before utilizing it for the liquefaction potential analysis [22].

The study conducted by Tsukamoto et al. [35] examined the methodology for estimating the soil liquefaction
resistance (RI) using SWS testing. The proposed procedure was subsequently compared to the conventional one. In a
conventional procedure, the evaluation of soil liquefaction resistance completely depends on the N-SPT value, as
depicted in Figure 6. The empirical formula most frequently used, as suggested by Inada [36], involves measuring the
penetration resistance through the SWS test to obtain Wy and Nsw values, which are further converted to N values [35].

The Nsy value obtained from the SWS test is converted to the N value by initially identifying the soil. The equations
for converting the Ngy value to N, as stated in Inada [36], are as follows.

For sandy soil:

N =2W,, + 0.067 Ny, 1)
For cohesive soil:

N = 3 W,, + 0.050 Ny, )

where Wy, = the amount of load in kN unit and Nsy = number of half turns per 1 meter.

SWS test also serves to gather information on the soil profiles that are affected by liquefaction or landslide, as well
as those that are not affected. It also helps to identify the dynamic and static features of soil profiles. Due to its user-
friendly interface, this device is frequently employed for investigating the soils in areas affected by seismic activity.

SWS penetration resistance, Wsw & Nsw

Erocedure proposed i SPT ;\I-Value Conven_tional procedure
in the present study ! compared in the present study

Liquefaction resistance, RI
A 4
Factor of safety against liquefaction, SF

\ 4
Liquefaction potential index, LPI

Figure 6. The procedure to estimate the soil liquefaction resistance (R1) as proposed by the conventional procedure
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3.5. Liquefaction Potential Analysis

The liquefaction potential was analyzed using the simple method of Idris-Boulanger based on the SPT (Standard
Penetration Test), generating the safety factor against liquefaction [37]. The Idriss-Boulanger method has the minimum
weight factor based on the error analysis of the weighted factor. Therefore, this method is the most reliable one to predict
liquefaction [38].

CSR (Cyclic Stress Ratio) of Each Soil Layer is a cyclic pressure induced by an earthquake. This pressure affects
the liquefaction by 65% of the peak cyclic pressure formulated as follows [38].

CSR = 0.651, % g—’; ®3)

where 1, = sheer stress reduction coefficient, a,,,,, = maximum earthquake acceleration in the soil layers (m/s?), g =
gravitational acceleration (m/s?), ,,, = total vertical pressure of soil layers during consolidation (kN/m?), and ¢’,, =
effective vertical pressure of soil layers during consolidation (kN/m?).

The evaluation of liquefaction using PGAw value is stated in the following equation.
PGAy = Fpgy . PGA 4)
where PGAm = MCEg of peak soil acceleration adjusted to site classification effect, PGA = mapped peak soil
acceleration, and Fpga = site coefficient.

The equation to determine the CSR was obtained by substituting Equation 4 with Equation 3 as follows.

CSR = 0.657, (","0) PGAy (5)

0 vo

CRR (Cyclic Resistance Ratio) is a parameter of soil resistance to withstand the CSR cyclic weight. Idriss and
Boulanger [37] modified the values of several parameters, such as (N1)so, A(N1)so, and CRR7s summarized into the
following equations:

(NDeoes = (N1)so + A (N1)go )
9.7 157 \?
A (N1)eo = exp (1'63 t FCro01 (7 To01) ) ™
Nogoes o (MNdeoes\” _ (MNidoes)’ o (Nigoes)*
CRR-rs0nees = e (U4 (M) - (G 4 (Bly) - 2 ®

Safety factor (SF) against liquefaction was applied after obtaining the CSR and CRR values expressed by the
following equation:

__CRR

FS=tsp 9)

If SF (Safety Factor) is less or equal to one (SF < 1.0), soil liquefaction occurs. If SF is more than one (SF > 1.0),
soil liquefaction does not occur.

3.6. Liquefaction Potential Index (LPI)

LPI is a quantitative measure used to estimate the level of liquefaction vulnerability that occurs in an area. The LPI
calculation was limited to the depth ranging between 0 and 20 m beneath the soil surface. The LPI value calculation for
the soil layer with a depth of less than 20 m can be determined using the equation proposed by Luna and Frost [39] in
the following equation:

LPI = Y, W;F;H; (10)
where F = 1 — SF for SF < 1.0, F = 0 for SF > 1.0, W = weight function dependent on depth, up to 10 — 0.5 z, and H =

layer thickness.

Liquefaction with high damage levels occurred in locations with LPI > 15 [40-42]. Previous studies [40-44]
compiled liquefaction cases and compared the LPI with the damages caused by the liquefaction. The LPI values were
used to draw a map of liquefaction potential in Charleston, South Carolina, based on the history of the 1886 earthquake
[45]. Table 1 shows the classification of LPI based on the risk of liquefaction potential.
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Table 1. Classification of Liquefaction Vulnerability [36-38]

LPI1 Value Liquefaction Potential Level
LPI=0 Very Low
0<LPI<S Low
5<LPI<15 High
15> LPI Very High

4. Results and Discussion
4.1. Site Classification of Balaroa Area

The site classification of Balaroa was established according to the guidelines outlined in Hayati & Andrus [45] and
SNI-1726-2019 [46]. It was used to ascertain the value of PGA (Peak Ground Acceleration) amplification based on the
earthquake map of the Indonesia region by inputting coordinates and selecting the site classification relevant to
respective coordinates. The site classification included SA (hard rocks), SB (stones), SC (hard soils that are very solid
with soft rocks), SD (medium soil), SE (soft soil), and SF (particular soil requiring specific geotechnical investigation).
It was also classified based on N value. The N values distributed on SWS test locations were used to establish the site
classification, which was subsequently validated by comparing it with the site classification determined by the SPT test
on the adjacent test points. The values were obtained by converting Nsw values through the process of soil identification.

The N values from the SWS test were lower than N values of the SPT test. This aligns with the findings of the study
of Armario et al. [23], indicating that the empirical equation presented by Inada (1960) generates a very low equivalent
N value. The SWS test yielded N < 15 for all points while the SPT test obtained BH-01 and BH-05. Therefore, the sites
were classified as soft soils (SE). Meanwhile, the N value ranging from 15 to 50, indicating medium soil (SD), was
obtained using the SPT test at various points located both distant from and near the liquefaction-affected area. These
points included BH-03, BH-04, BH-06, and the adjoining BH-02.

4.2. Peak Ground Acceleration (PGA)

The PGA for each test point was determined according to the guidelines set by the Ministry of Public Works and
Public Housing of the Republic of Indonesia. It was based on the information provided on the website of Indonesian
Spectra Design in 2021 [47]. The PGA value was obtained by inputting the coordinates of each test location in the
earthquake map of the Indonesia region. This number represents the acceleration in bedrock; meanwhile, the PGA value
on the surface was influenced by the amplification factor value (Fpca). The soil site classification has an impact on the
PGA and Fpca values. These values for each test point can be seen in Table 2.

4.3. The Locations of the Water Table and PGAm Value

Table 2 displays the water table locations, site coordinates, and PGA adjusted to the impacts of site classification
(PGAw) for SWS test points. The water tables of S-01 to S-29 were directly measured through SWS test boreholes. The
PGA for each borehole was determined using the information provided on the Indonesian Spectra Design website in
2021 [47].

The position of the groundwater table is one of the elements that can lead to liquefaction. There is an inverse
relationship between the depth of the water table and the liquefaction susceptibility. In other words, the deeper the water
table, the more resistant the soil is to liquefaction, and conversely, the shallower the water table, the more susceptible
the soil is to liquefaction. Youd [48] asserts that only sediments that are saturated or have a tendency to become saturated
are considered to be sensitive to liquefaction. Balaroa has established this criterion, i.e., susceptible to liquefaction,
based on findings of Soekamto et al. [49] that the region of Palu City is made up of Holocene-age coastal alluvial
deposits (Qap). These deposits consist of gravel, sand, silt, and coral limestone that were generated in river, delta, and
shallow marine environments.

The Balaroa’s water tables in the liquefaction-affected area were exceptionally shallow, despite the intense heat.
Moreover, in other areas, a portion of them remained stagnant on the ground and even elevated above it. According to
previous studies conducted in the Balaroa area and the observations made by Rohit et al. [10], it was reported that there
was the presence of standing water resulting from subsurface streams after the liquefaction event. Moreover, research
findings from Tadulako Geoexploring Service [50] indicated that the low-level water tables were discovered on all four
geoelectric measurement trajectories, running approximately parallel to the north-south and west-east directions in the
Balaroa area. It indicated numerous springs were detected at the measurement sites.

All the testing points in the liquefaction-affected area (S-01 to S-021) had water tables with depths ranging from 5
to 55 cm. The water tables in the vicinity of the liquefaction-affected area, specifically sites S-22 to S-24, had depths
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ranging from 9 to 43 cm. Concurrently, the water tables at locations S-25 to S-29, which are near the area affected by
liquefaction, had depths ranging from 43 to 60 cm. Table 2 displays the water tables for each testing point.

Table 2. The locations of the water table coordinate, and PGAwm values in Balaroa

Site Code GWL (cm) Long Lat Site Classification PGAw (9)
S-01 =27 119.84172  -0.907944 SE 0.58124
S-02 -8 119.84322  -0.907417 SE 0.58018
S-03 -28 119.84408  -0.906889 SE 0.57955
S-04 119.84094  -0.907472 SE 0.58176
S-05 119.84228  -0.906917 SE 0.58084
S-06 -55 119.84278  -0.906611 SE 0.58049
S-07 -38 119.84494  -0.905389 SE 0.57896
S-08 119.83997  -0.907028 SE 0.58244
S-09 -29 119.84103  -0.906694 SE 0.58172
S-10 -35 119.84225  -0.906167 SE 0.58089
S-11 -42 119.84333  -0.905833 SE 0.58014
S-12 -9 119.84378  -0.905139 SE 0.57982
S-13 119.84594  -0.904306 SE 0.57823
S-14 -17 119.84036  -0.905944 SE 0.58222
S-15 21 119.84158  -0.905500 SE 0.58137
S-16 -24 119.84372  -0.904056 SE 0.57987
S-17 119.84006  -0.905611 SE 0.58240
S-18 -45 119.84161  -0.904833 SE 0.58137
S-20 119.84308  -0.903778 SE 0.58031
S-21 119.84150  -0.904444 SE 0.58141
S-22 -9 119.84528  -0.907167 SE 0.57869
S-23 -43 119.84550  -0.907389 SE 0.57850
S-24 -22 119.84608  -0.907139 SE 0.57088
S-25 119.84003  -0.909639 SE 0.58236
S-26 -43 119.84503  -0.909222 SE 0.57883
S-27 -46 119.84778  -0.908222 SE 0.57677
S-28 -60 119.84819  -0.909361 SE 0.57644
S-29 119.84369  -0.901778 SE 0.57991

BH-01 +1.6 119.84023  -0.906313 SE 0.5809
BH-02 -2.55 119.84165  -0.904234 SD 0.5118
BH-03 +0.1 119.84211  -0.899500 SD 0.6067
BH-04 +0.41 119.84280 -0.911724 SD 0.5094
BH-05 -1.0 119.84718  -0.904347 SE 0.5793
BH-06 -17.26 119.841121 -0.926138 SD 0.5119

4.4. Swedish Weight Sounding (SWS) Test Results

The SWS test resulted in the Nsw (N/m) value, which represents the number of half turns per meter, as shown in
Figure 6. The tests were limited to penetrations up to a depth of 9.5 m due to the availability of a mere 10 rods, each
with a length of 1 m. The Nsw value represents the ratio of half turns per meter to the number of penetrations. Soil density
increases as the Nsw number increases. Based on the SWS tests in Balaroa, there were specific locations where the depth
reached a certain point and the Nsy value was recorded as zero. Before the rotation of the rod, penetration took place
upon the distribution of weight.
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The charts in Figure 6 were classified in parallel with the grid lines running from west to east, encompassing points
S-01 to S-29. The classification of these grids can be seen in Figure 3. These charts illustrate variations in density across
different locations, primarily caused by the presence of rocks that limit the maximum depth to 9.5 m. The 19 testing
points with Ngy values equal to zero at certain depths were S-01, S-03, S-06, S-07, S-09, S-010, S-11, S-14, S-15, S-16,
S-19, S-22, S-23, S-24, S-25, S-26, S-27, S-28 and S-29. The depth varied between 1.5 and 9.5 m. These points were
situated within, adjacent, and outside the liquefaction-affected area. Point S-24 had a quite high Nsw value in the depth
of 1.38 (between 1.25 and 1.5 m) due to an obstacle. The value was high because the number of half-turns reached 50,
although with penetration merely reached a depth of 13 cm. The point test S-24 was extended due to the absence of
rocks on the screw point. Figure 7 displays 6 test points, namely S-04, S-05, S-13, S-14, S-20, and S-25, all of which
have a depth of less than 2 m. A subset of the tests was replicated six times at various locations, deviating from the
original intention. Typically, these test spots were impeded by rocks, hindering further penetration.
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Figure 7. Charts of correlation between Nsw and penetration

Each test point exhibited a distinct range of Nsy values. Based on the observation during the test, it was noted that
there were multiple points in the initial testing with relatively high Ns values. Nevertheless, the values declined at the
subsequent depth. During the test, the number of half-turns fell short of 50, and the penetration did not exceed a depth
of 25 cm due to obstacles and the audible impact of the device colliding with rocks. In general, the tests failing to reach
a depth of 9.5 had very high Nsy values at the end of testing due to obstructing rocks at the tip of the rods. As a result,
the number of half-turns reached 50 with penetration merely reaching less than 25 cm. If the screw point encounters
rocks, pebbles, or dense dirt during penetration, the SWS handle may become rigid. In contrast, if the screw point is
unimpeded by rocks and the rods fail to penetrate, the handle can be easily rotated.

4.5. Results of Liquefaction Potential Analysis

The liquefaction potential was analyzed based on the results of 6 borehole locations from USGS [7], including BH-
01, BH-02 BH-03, BH-04, BH-05, and BH-06 and 10 points of SWS tests including S-01, S-03, S-06, S-07, S-10, S-12,
S-14, S-16, S-18, and S-23. The maximum depth of the SWS test was 9.5 m. Hence, the analysis using SPT data was
exclusively performed up to a depth of 10 m.
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The SWS test was conducted to acquire data on Ws, (amount of load) and Ng (a load of half turn per meter) with
depth (m). W, and Ngy values were converted to N values using the Inada equation [36]. This conversion aimed to
analyze the liquefaction potential using N value. If the Ny value is equal to zero, the N value is equal to 2 for coarse-
grained soil and 3 for fine-grained soil. The SWS tests were administered on 10 specific points, which were either similar
or adjacent to the position of the CPT (Cone Penetration Test). Therefore, the data of soil profiling from CPT were used
to determine the soil types, weight value, and fine content (FC) for the liquefaction potential analysis.

Point S-01 and S-03 were the locations where the SWS tests reached the greatest depth. The N values at point S-01
and S-03 ranged from 2 to 12.99 and 1 to 12.45 consecutively. The SWS tests that did not meet the minimum depth
requirement had high Nsy values at the end of the test. Hence, the N values obtained were also high. The N values at
point S-03 ranged from 2 to 5.48. At a depth of 6.39 m, the N value reached 37.89. The N values at point S-06 ranged
from 2 to 13.26. At a depth of 8.03 m, the N value was recorded at 113.67. The N values at point S-07 ranged from 2 to
14.06. In a depth of 3.61 m, the N value reached 47.69. The N values at point S-10 ranged from 2 to 10.84. At a depth
of 6.81 m, the N value was recorded at 57.83. The N values on point S-12 ranged from 2 to 6.29. At a depth of 2.17 m,
the N value reached 21.56. The N values at point S-14 ranged from 2 to 15.40. At a depth of 1.68 m, the N value was
recorded at 20.61. The N values at point S-16 ranged from 2 to 8.70. At a depth of 7.38 m, the N value reached 40.65.
The N values at point S-18 ranged from 2 to 18.75. At a depth of 5.47 m, the N value was recorded at 85.75.

Figure 8 displays the computed liquefaction potential (safety factor) values. The grid division in the SWS test can
be seen in Figure 3. A SF < 1.0 indicates soil that is capable of liquefaction. A SF = 1.0 indicates soil that is in a critical
condition. A SF > 1.0 showed soil that is not susceptible to liquefaction. The liquefaction potential analysis revealed
that 10 data points from the SWS tests were categorized as SE (soft soil). The analysis was performed in an area affected
by liquefaction, specifically involving sites S-01, S-03, S-06, S-07, S-10, S-12, S-14, S-16, S-18, as well as an
undamaged area represented by site S-23. The SF > 1.0 values were obtained from the final depth of SWS testing, which
did not reach the maximum depth of 9.5 m. The penetration at point B7 reached depths of 0.25 and 0.5 m, with
corresponding values of 1.81 and 1.04, respectively. The SF < 1.0 values were recorded at all depths for test points,
including S-01 and S-23, which reached the maximum depth of 9.5.
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Figure 8. Charts of Safety Factor (SF) for penetration depth

The SF < 1.0 values obtained from SWS tests for each point ranged from 0.12 to 0.44 for S-01, 0.14 to 0.32 for S-
03, 0.14 to 0.36 for S-06, 0.15 to 0.52 for S-07, 0.16 to 0.42 for S-10, 0.08 to 0.20 for S-12, 0.14 to 0.36 for S-14, 0.16
to 0.47 for S-16, 0.13 to 0.53 for S-18, and 0.10 to 0.48 for S-23. The liquefaction potential analysis charts based on
SWS data are displayed in Figures 8a, 8b, 8c, 8d, and 8e. The liquefaction potential analysis had SF > 1.0 values at the
end of the test, which can be attributed to the exceptionally high weight value of half turn per meter (Nsw) at the ultimate
depth of the test. The safety factor (SF) obtained from all depths exhibited a substantial correlation with the obtained
Nsw Values, i.e., as the Nsy values increased, the N values also increased.

The examination of liquefaction potential, based on the Standard Penetration Test (SPT) data, revealed that the SF
value was less than 1.0 for the BH-01 and BH-05 locations, which were classed as SE (soft soil). Meanwhile, SF > 1.0
was derived from BH-03, BH-04, and BH-06, which were classified as SD (medium soil). The investigation revealed
that BH-01 and BH-05 exhibited liquefaction characteristics at all depths. BH-02 displayed a shear strength (SF) value
lower than the threshold between depths of 3 m, 4 m, and 5 m. On the other hand, BH-03, BH-04, and BH-06 were
found to be non-liquefiable. Table 2 displays the liquefaction potential at each test point. The SF < 1.0 values obtained
from SPT tests for each point ranged from 0.18 to 0.32 for BH-01, 0.21 to 0.57 for BH-05, and 0.32, 0.24, and 0.15 for
BH-02 at depths of 3 m, 4 m, and 5 m respectively. The liquefaction potential analysis charts based on SPT data are
displayed in Figures 8f, 8g, and 8h. Research conducted in the Balaroa area using SPT data [13, 14, 17] has yielded
similar results to our study. Specifically, they have found that the liquefaction-affected area has SF < 1.0, while sites on
the steep slopes of Balaroa have SF > 1 [17].

According to the calculations, any future earthquake of a specific magnitude will result in liquefaction in the area
that has already been damaged by liquefaction. The presence of this potential is attributed to the shallow water tables in
the Balaroa area, characterized by subpar and stratified sandy soil with a fine grain and low N value. In general, the soil
in the area impacted by liquefaction was not compacted, as indicated by the SWS tests where the number of half turns
for a 25 cm-deep penetration did not exceed 50. In addition, 19 test spots achieved zero rotation at specific depths

4.6. Liquefaction Potential Index (LPI)

LPI was calculated based on the SF value to evaluate the liquefaction vulnerability of an area. The results of LPI
analysis at 10 SWS testing points and 6 SPT testing points can be seen in Table 3. The LPI analysis results in Table 3
indicate that the liquefied-affected points comprising S-01, S-03, S-06, S-07, S-10, S-16, S-18, BH-01, and BH-05 are
very highly vulnerable to liquefaction. Points S-12 and S-14 exhibited a high of vulnerability. The liquefaction
vulnerability was very high in the vicinity of the liquefaction-affected areas S-23 and BH-02. Conversely, the number
of points, i.e., BH-03 and BH-04, located far from the area was very low. BH-06 was the only point with a low level of
vulnerability. Test points S-12 and S-14 exhibited a high vulnerability to liquefaction due to their shallow test depths of
2.17 m and 1.58 m, respectively. Additionally, at the end of the test, both locations had remarkably high Ny values of
294.12 and 200. This occurred because, at the end of the test, there were rocks that were impenetrable to the SWS
equipment. Muhanifah et al. [13] also found a very high level of vulnerability to liquefaction in liquefaction-affected
areas.

2227



Civil Engineering Journal

Vol. 10, No. 07, July, 2024

Table 3. Results of Liquefaction Potential and LPI Value Analysis

Site Code  Site Classification  Safety Factor  Liquefaction Potential LPI Level of Potential Liquefaction
S-01 SE SFLig<1.0 Liquefaction 58.60 Very High
S-03 SE SFLig<1.0 Liquefaction 42.87 Very High
S-06 SE SFLig<1.0 Liquefaction 50.32 Very High
S-07 SE SFLig<1.0 Liquefaction 20.66 Very High
S-10 SE SFLig<1.0 Liquefaction 44.26 Very High
S-12 SE SFLig<1.0 Liquefaction 11.95 High
S-14 SE SFLig<1.0 Liquefaction 9.49 High
S-16 SE SFLig<1.0 Liquefaction 47.05 Very High
S-18 SE SFLig<1.0 Liquefaction 35.70 Very High
S-23 SE SFLig<1.0 Liquefaction 56.15 Very High

BH-01 SE SFLig<1.0 Liquefaction 46.37 Very High
BH-02 SD SF.ig>1.0 No Liquefaction 18.15 Very High
BH-03 SD SF.ig>1.0 No Liquefaction 0.00 Very Low
BH-04 SD SF.ig>1.0 No Liquefaction 0.00 Very Low
BH-05 SE SFLiq<1.0 Liquefaction 46.97 Very High
BH-06 SD SFiiq> 1.0 No Liquefaction 4.61 Low

The liquefaction potential and LPI analyses showed relevant results regarding 10 SWS testing points and 5 SPT
testing points, including BH-01, BH-03, BH-04, BH-05, and BH-06. Meanwhile, the analysis identified BH-02 as having
a very high vulnerability, as shown by SF < 1.0 only at depths ranging from 3 to 5 m with SF values comprising 0.32,
0.24, and 0.15. The LPI analysis results were used to create a map of liquefaction vulnerability using ArcGIS software.
The liquefaction vulnerability on the geological surface of Balaroa was classified into four categories, namely very high,
high, low, and very low, as shown in Figure 9. This map can serve as a reference for local governments in making
regulations on land use and liquefaction risk-based building criteria.
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Figure 9. Map of Liquefaction Vulnerability in Balaroa Area
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5. Conclusions

In Balaroa, the liquefied area is covered with an abundance of grass, and even certain sections have transformed into
marshland, with the growth of tall grass. Through visual examination, the water tables in the liquefied area were
extremely shallow, as several sections were filled with water despite the extremely hot temperature. In addition, the field
test results indicated that all points of the SWS test have shallow water, with depths ranging from 5 to 60 cm.

The liquefaction potential analysis applied the N-SPT equation to convert the Nsw value and Wsy value to the N value.
The N values of the 10 test points varied between 2 and 18.75 for the number of half-turns less than 50 and between
20.61 and 113.67 for the number of half-turns greater than or equal to 50. The N value obtained from the conversion
results was lower than that of the SPT results. The results of liquefaction potential analysis using the SWS data revealed
that the SF < 1.0 in all 10 test points, except those that did not meet the maximum depth of 9.5 m. The analysis revealed
that the safety factor is lower and the LPI value is higher in SWS data compared to SPT one. Therefore, it is necessary
to develop a new empirical equation that can approximate the N value obtained from SPT, as demonstrated in previous
research [23].

The results of the liquefaction potential index (LPI) analysis using SWS data and SPT data indicate very high and
high levels of liquefaction susceptibility, both in the affected area and near the affected area. Meanwhile, in areas
relatively far from the liquefaction-affected area, using SPT data, low and very low levels of liquefaction susceptibility
were obtained. This shows that the SWS data and SPT data have the same liquefaction potential analysis results, although
the N values from the conversion are lower. Based on this, the results of the study indicate that liquefaction in the
Balaroa area has the potential to occur again in the areas affected by liquefaction during the 2018 Palu earthquake if an
earthquake of a certain magnitude occurs.

The results of LPI analysis using the SWS and SPT data indicated that the liquefaction vulnerability in all points was
high and very high, whether they were within or adjacent to the affected area. Meanwhile, the examination of the SPT
data showed that the risk of liquefaction in locations far from the affected area was low and very low. The results
demonstrated that the liquefaction analysis results of SWS and SPT data were equivalent despite the lower converted N.
In conclusion, the findings indicated that in the Balaroa region, liquefaction can return in the same area that was impacted
by the earthquake in Palu in late 2018, given a certain magnitude of seismic activity.
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