Journal of GeoEngineering, Vol. 18, No. 3, pp. 093-102, September 2023 93
http://dx.doi.org/10.6310/og.202309_18(3).1

COMPARATIVE ANALYSIS OF QUANTITATIVE INDICES FOR
EVALUATING THE LIQUEFACTION POTENTIAL OF
MEDIUM-DENSE COHESIONLESS SOIL

Ali Zakariya '™, Ahmad Rifai2, and Sito Ismanti?

ABSTRACT

Earthquakes that induced liquefaction have occurred in several regions in Indonesia, including Bantul Regency during the 2006
Bantul earthquake. The study location is the Kretek 2 Bridge in the Opak River Estuary, Bantul Regency, Yogyakarta Special
Region Province. This area features medium-dense sandy soil with a high liquefaction potential. This study estimated the safety
factors related to liquefaction using a simplified procedure. In addition, this study analyzed the quantitative index of liquefaction
potentials using the Liquefaction Potential Index (LPI), Liquefaction Reduction Number (LRN), Liquefaction Risk Index (LRI),
Liquefaction Severity Index (LSI), Liquefaction Displacement Index (LDI), and Post-liquefaction Settlement approaches. The
results showed that liquefaction occurred predominantly at a depth of 1.5-6 m. For the LPI and LRN, the soil was classified as “very
low” to “high” and “low” to “very high” for liquefaction potential, respectively. While the LRI result was in the “low” to “medium”
risk categories, the LSI output was in the “non-liquefied” to “low” severity classification. The LDI and post-liquefaction settlement
calculated by 1-D reconsolidation were 3.9 m and 0.12 m, respectively. Each method has different results; the LPI and LRN are
more inclined to the possibility of a liquefaction event occurring, while the LRI and LSI emphasize the level of risk and severity of
liquefaction damage. Furthermore, the LDI and post-liquefaction settlement are indicators of area damage measured in meters
horizontally and vertically if liquefaction occurs.

Key words: liquefaction potential, medium-dense sandy soil, safety factor, simplified procedure, quantitative index.
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With many faults and tectonic subduction, Indonesia is often i
hit by earthquakes that can induce liquefaction. On May 27th, 2006,
liquefaction occurred after a strong earthquake that struck Bantul
with a moment magnitude (Mw) of 6.2 and a focal depth of 17.1 km
(Supartoyo ef al. 2014). Buana and Agung (2015) reported that lig-
uefaction occurred after the 2006 Bantul earthquake (see Fig. 1).
This event was categorized as a shallow earthquake in the Opak fault
zone with a hypocentral depth of approximately 10-20 km (Nurbaiti N S
et al. 2019). Wibowo and Sembri (2017) also studied the Opak fault
with seismicity analysis based on earthquake events that occurring
during 2008 to 2017 and concluded that the hypocenters of these N ! o | —
earthquakes were located at depths of approximately 10-20 km. Re- —_— : \ e | Rt
ferring to the geologic map of the Yogyakarta Special Region, the
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southern Bantul area has young volcanic deposits related to Mount
Merapi and widespread alluvial deposits (Rahardjo ez al. 1977). As
stated by Youd and Perkins (1978), the coastal area with young Qua-
ternary sediment and shallow groundwater features a high liquefac-
tion potential. Thus, the Yogyakarta Special Region, which is near
a fault, is at high risk of strong earthquakes and soil liquefaction.
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’ . ; Fig. 1 (a) Identified liquefaction evidence and (b) liquefaction event
versitas Gadjah Mada, Indonesia. after the 2006 Bantul earthquake (Buana and Agung 2015)
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This research focused on the Kretek 2 Bridge (included in the
South Java Line (JLSS)), Kretek district, Bantul Regency, Indone-
sia. Several studies have shown that the soil in Bantul Regency,
particularly near the Opak River, is dominantly in the young Qua-
ternary soil category and features a high liquefaction potential.
Patalan village, Jetis district, Bantul Regency, located near the
Opak fault area, had various thicknesses of liquefaction ranging
from approximately 0.2-5.2 m with layer depths varying from 0.2-
12.8 m below the soil surface (Soebowo et al. 2009), and Kretek
district had a high liquefaction potential (Buana et al. 2016). Sim-
ilar results were obtained by Laia (2015), who studied sandy soil
in the Opak River Pleret district by using the shaking table test
method, and Mase (2017), who studied sandy soils from the Opak
River Imogiri district. Additionally, Rahman et al. (2020) showed
that the liquefaction potential of the Yogyakarta International Air-
port Underpass area ranged from low to high. The airport is 28 km
from the epicenter of the Bantul earthquake. These facts confirm
that liquefaction potential analysis is a prerequisite before devel-
oping important structures in Bantul Regency.

2. METHODOLOGY

Determining the peak ground acceleration (PGA) value is the
first step in assessing liquefaction potential. Soebowo et al. (2009)
defined the maximum PGA value in Bantul Regency as 0.487 g.
Using the Kanai equation by 231 microtremor data and earthquake
events from 1981-2014, Wibowo and Sembri (2016) showed that
the maximum PGA in Bantul Regency was 0.421 g. Referring to
the Indonesian earthquake source and hazard map (2017), we can
estimate the PGA value at bedrock by using probabilistic seismic
hazard analysis (PSHA) and deterministic seismic hazard analysis
(DSHA) (National Earthquake Study Center 2017). By using the
PSHA method (Indonesian National Standardization Agency
2016), this study applied a 7% probability of exceedance in 75
years, equivalent to 1000 years, following the Indonesian National
Standard (SNI) 2833-2016. For practical reasons in determining
the PGA value with the PSHA method, this study used the LINI
web-based application by the Ministry of Public Works and Hous-
ing Indonesia (Directorate General of Highways 2021).

In addition to the PGA value at bedrock, the amplification
factor for each site is also essential. By SNI 8460-2017, the site
class amplification factor (Frga) can be determined by the average
SPT-N (standard penetration test blow count) or average Vsso
(shear wave velocity to a depth of 30 m) value (Indonesian Na-
tional Standardization Agency 2017), as shown in Table 1. By us-
ing USGS and microtremor data, Wibowo (2017) mapped the Vsso
value in Bantul Regency. He concluded that the Vs value in
Kretek District was approximately 250 to 350 m/s. Based on the
field geotechnical report for nine boreholes of SPT-N and two
boreholes of Vsio from the downhole seismic test, all boreholes
were classified as having medium soil (SD), most of which with
medium to dense sand. Based on Table 1, Frga = 1.0 was obtained
for PGA > 0.5 g and the medium soil site class category.

Calculating the PGA result using the LINI application in Ban-
tul Regency, the PGA maximum value is 0.558 g. Next, this value
had to be multiplied by Frca = 1.0; thus, the PGA value on the
surface (PGAM) was 0.558 g. Since the distance between each
borehole’s location and the Opak fault epicenter was less than 1.0
km, the PGAM value would be applicable for each borehole in
determining liquefaction potential.

Table 1 Site class amplification factor for PGA (SNI 8460:2017)

. PGA (2)

Site Class | SPT-N | Vao (W) ™05 5057703 [ 04 [0
SA (Hardrock) | - | >1,500 | 08 | 08 | 0.8 | 0.8 | 08
SB (Rock) — [750-1,500 | 1.0 | 1.0 | 10 | L0 | 10

SC (Hard soil) > 50 350-750 1.2 12 | 1.1 1.0 ] 1.0
SD (Medium soil) | 15-50 | 175-350 2.5 1.7 |12 11 ] 1.0
SE (Soft soil) <15 <175 2.5 1.7 | 1.2 109 | 09

2.1 Simplified Procedure for Evaluating Soil
Liquefaction Potential

One of the recent approaches to estimating the safety factors
against liquefaction is a simplified procedure proposed by Idriss
and Boulanger (2008). These researchers determined the safety
factor value by calculating the cyclic resistance ratio as a soil coun-
termeasure against cyclic stress on the soil during an earthquake
(see Eq. (1)). Furthermore, the cyclic resistance and cyclic stress
ratio can be determined by considering the SPT-N determined
through soil investigation, soil properties from a laboratory test,
and the PGA and moment magnitude of the earthquake determined
on-site with the following equation:

RR
CSR
CSR=0.65%m O L 1 @)
g o, MSFK,
2 3
CRRzexp (N1)60cs +((Nl)60£sj _((N1)60ch
14.1 126 23.6
4
+ (N1)6Ocs -2.8 (3)
25.4

where SF is the safety factor against liquefaction, CSR is the cyclic
stress ratio, CRR is the cyclic resistance ratio, the 0.65 coefficient
represents a value equal to 65% of the peak cyclic stress, @max is
the maximum peak ground acceleration on the surface, g is the ef-
fect of gravity on Earth (9.8 m/s?), 6w and &'\ are the total and
effective vertical stress, MSF is the magnitude scaling factor of the
moment magnitude 7.5, Ko is the overburden correction factor, and
ra is the shear stress reduction coefficient that correlates the depth
function and magnitude scale. (N1)socs refers to SPT-N after cor-
rection, which includes effective overburden stress correction (NVi),
soil investigation boring equipment correction (Neo), and fines
content of soil correction (Nes). The occurrence of liquefaction is
likely if the safety factor value is less than 1.0.

2.2 Quantitative Indices for Evaluating Liquefaction
Potential

Many researchers have studied the quantitative liquefaction
potential. This study attempted to compare various methods,
namely, the Liquefaction Potential Index (LPI) by Iwasaki et al.
(1981), Liquefaction Reduction Number (LRN) by Chung and
Rogers (2017), Liquefaction Risk Index (LRI) by Lee ez al. (2003),
Liquefaction Severity Index (LSI) by Sonmez and Gokceoglu
(2005), Liquefaction Displacement Index (LDI) by Zhang et al.
(2004), and Post-Liquefaction Settlement by Idriss and Boulanger
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(2008). All those methods used the safety factor value obtained
from the simplified procedure or other empirical equation-based
on-site investigations. Iwasaki et al. (1981) proposed the liquefac-
tion potential index method to assess the liquefaction potential fac-
tor with the following equation:

LPL=["F-w(z) dz @)
F=1-SF for SF<1
F=0 for SF>1

w(z)=10-0.5z for0<z<20

w(z)=0 for z =20 ®)
where LPI is the liquefaction potential index, F' represents a
weighting factor for SF (factor of safety), w(z) represents a
weighting factor for depth, and z is depth (m). The LPI has a quan-
titative value from 0 to 100. A qualitative category for the range
of liquefaction vulnerability potential is presented in Table 2 be-
low:

Table 2 Liquefaction potential category (Iwasaki et al. 1981)

Potential index Category

LPI=0 very low
0<LPI<S low
5<LPI<15 high

LPI>15 very high

Chung and Rogers (2017) proposed the Liquefaction Reduc-
tion Number (LRN) method to supplement the LPI method based
on non-liquefied sites because the non-liquefied sites present
higher values than the liquefied sites. In many cases, the LPI can
have different liquefaction probabilities with the same values.
Therefore, the LRN is needed to calibrate the LPI values. The LRN
can be estimated (0-100) with the following equation:

LRN =" R-w(z) dz (6)
R=0 for SF<1

R=(SF-1)/(n—1) for 1<SF<n

R=1 for SF > n or non-liquefiable layer
w(z)=10-0.5z forz<20m @)

where R is the reduction factor of liquefaction, w(z) is the weight
function of depth (< 20 m), z is depth (m), and » is the minimum
SF for no expectation of liquefaction occurrence (this study uses »
= 1.2). The LRN has a qualitative category, as presented in Table
3 below.

Table 3 Liquefaction reduction number categories (Chung and

Rogers 2017)
Reduction number Category
LRN <70 very high
70 <LRN < 80 high
LRN >80 low

Other researchers, Lee et al. (2003), proposed the liquefaction
risk index (LRI) method of updating the LPI. The LPI categorizes
a site as having a high liquefaction potential with index values of
5-15. As aresult, some sites where no actual liquefaction occurred
were identified as having liquefaction potential by the LPI. There-
fore, the LPI method needs to be recalibrated using the LRI so that
the potential prediction approaches the extent of an actual lique-
faction event. The LRI can be determined by using the following
equations:

LRI=Y" P, - w(z) dz (®)
B 1
e (%%0.96) 3
w(z)=10-0.5z )

where LRI is the liquefaction risk index, Pz is the probability of
liquefaction, w(z) is the weight function of depth (< 20 m), and z
is depth (z <20 m). The LRI has a quantitative value from 0 to 100.
A qualitative category for the range of liquefaction probability is
presented in Table 4 below:

Table 4 Liquefaction risk category (Lee ef al. 2003)

Risk index Category
0<LRI<20 low

20<LRI<30 medium
30<LRI<100 high

Sonmez and Gokceoglu (2005) also proposed a liquefaction
severity index (LSI) with the same approaches. However, with dif-
ferent limitations of the SF value, SF can still be input into the LSI
with a maximum value of 1.411. The following Egs. (10) and (11)
calculate the liquefaction severity index:

LSI=["P,(2) w(z) dz (10)
1
P (z)=——= forSF<1.411
T (%)™
Piu(z)=0 for SF>1.411
w(z)=10-0.5z (11)

where LSI is the liquefaction severity index, Pi(z) is the probabil-
ity of liquefaction, w(z) is the weight function of depth (< 20 m),
and z is depth (z < 20 m). The LSI has a quantitative value from 0
to 100. However, for a qualitative classification of the range of
liquefaction probability, the LSI is more specific and divided into
six classes. The classification is presented in Table 5.

Table 5 Liquefaction severity classification (Sonmez and

Gokceoglu 2005)
Severity index Class
LSI=0 non-liquified

0<LSI<L15 very low
15<LSI<35 low
35<LSI<65 moderate
65 <LSI<85 high

85 <LSI<100 very high
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Different from other previous methods, the liquefaction dis-
placement index (LDI) was proposed by Zhang et al. (2004) to
estimate lateral displacement induced by liquefaction events by us-
ing the standard penetration test (SPT) or cone penetration test
(CPT). This empirical method used historical case data from pre-
vious earthquakes and induced lateral displacement. LDI comes
from the following Egs. (12) and (13):

LDI = [7™  yyy dz (12)

where zmax is the maximum depth of potential liquefaction layers
with calculated SF less than 2, Ymax is the maximum amplitude of
cyclic shear strain induced during undrained cyclic loading for a
saturated sandy soil, and z is depth (m). In this equation, both Ymax
and the thickness of liquified soil layers can be affected by soil
properties and earthquake magnitude.

Ymax = 3.26(SF)71'80
Or  Ymax = 6.2

for 0.7 < SF<2.0
for SF < 0.7 [Dr = 90%]

Ymax = 3.22(SF)_2'08
Or  Ymax = 10

for 0.56 <SF<2.0
for SF < 0.56 [D; = 80%)]

for 0.59 <SF<2.0
for SF <0.59 [D, = 70%)]

Ymax = 3.20(SF)72'89
Or  Ymax = 14.5

Ymax = 3.58(SF)_4'42
Or  Ymax = 22.7

for 0.66 <SF<2.0
for SF < 0.66 [D, = 60%]

Ymax = 4.22(SF)_6'39
Or  Ymax = 34.1

for 0.72<SF<2.0
for SF £0.72 [Dr= 50%]

Ymax = 3.31(SF)77'97
OF  Ymax =250(1.0 — SF) + 3.5

for 1.0 SF<2.0
for 0.81 <SF<1.0

Or Ymax=512 for SF < 0.81 [Dr = 40%] (13)

D, =14/(N}) g0 for [(N}) g <42] (14)

In determining the Ymax equation, the values of the relative
density (Dr) and SF must be defined first by referring to the corre-
lation between Ymax and the relative density graph by Ishihara and
Yoshimine (1992), as presented in Fig. 2(a). The relative density
can be calculated with the correlation (Ni)so value by using Eq.
(14). (N1)eo is SPT-N corrected by the effective overburden stress
and soil boring equipment.

The next step in estimating lateral displacement (LD) in-
volves assuming that the ground slope (S) follows Eq. (15) and/or
the free face height (H) follows Eq. (16). LDI is the lateral dis-
placement index, S is the ground slope, and L is the horizontal dis-
tance from the toe of a free face.

LD=(S+0.2)LDI for0.2% < S <3.5% (15)

L\7% I
LD=6(—j LDI for4<—<40 (16)
H H

Post-liquefaction settlement is another method for determin-
ing potential liquefaction by quantitative analysis. Idriss and Bou-
langer (2008) proposed one-dimensional reconsolidation by calcu-
lating vertical strains to volumetric strains and integrating them to
the depth interval with the following equation:
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Fig.2 (a) Correlations among Ymax, safety factor, and relative
density, and (b) Correlations among Ymax, €, and relative
density (Ishihara and Yoshimine 1992)

Seap=["e,dz (17)

0

&, = 1.5 X exp(—2.5Dr) X min(0.08, ymax) oOr
e, =1.5xexp (=0.369\/(N)) ¢ )xmin(0.08,v,)  (18)

where €, is the volumetric strain due to post-cyclic reconsolidation
proposed by Yoshimine ez al. (2006) and Dr is the relative density,
which can be calculated with Eq. (14). Ymax is the maximum shear
strain during undrained loading. Ymax is limited by a maximum
value of 8% based on the correlation graph among Ymax, €, and
relative density by Ishihara and Yoshimine (1992), as redrawn in
Fig. 2(b).

Although the LPI, LRN, LRI, and LSI have the same varia-
bles in determining the level of liquefaction potential based on the
safety factor’s value, these four indices have differences. The LPI
is the method first proposed by Iwasaki et al. (1981) based on 64
liquefied sites and 23 non-liquefied sites from 6 earthquake events
in Japan. Chung and Rogers (2017) stated that the LPI method
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provided overestimated results in some locations; therefore, they
proposed the LRN. The data references for the LRN method used
185 liquified sites and 294 non-liquified sites. Additionally, Lee et
al. (2003) researched liquefaction events in Yuanlin, Taiwan, after
the 1999 Chi-Chi earthquake by using data from 72 CPTs and then
proposed the LRI. This method is suitable for predicting liquefac-
tion cases in the 1999 Chi-Chi earthquake in areas with medium to
dense sandy soil characteristics. Sonmez and Gokceoglu (2005)
proposed the LSI method because some areas that were considered
not prone to liquefaction under the LPI could not be clearly distin-
guished. The LSI also has more detailed qualitative categories of
liquefaction potential with respect to severity.

Based on empirical data from 13 earthquakes, the LDI
method aims to obtain the potential of lateral displacement when
liquefaction occurs. The empirical data included lateral distribu-
tion, laboratory tests, and previous research. However, the accu-
racy of the resulting values compared to the measured values still
had a deviation of approximately 0.1 to 1.92 m. Furthermore, to
predict the vertical displacement of soil, the post-liquefaction set-
tlement method was developed based on field observations and
previous research on volumetric strain. The assessment of lateral
displacement and settlement can affect the foundation design.

3. RESULTS OF THE CASE STUDY

The soil investigation was carried out at the Opak River (see
Fig. 3) with nine boreholes (BH-1 to BH-9). The density of the
sandy soil used the “very loose” category for SPT-N 0-4, “loose”
category for SPT-N 4-10, “medium” category for SPT-N 10-30,
“dense” category for SPT-N 30-50, and “very dense” category for
SPT-N >50 (Look, 2007). The investigation findings showed that
the soil was dominantly medium-dense sand, except at 1.5-6 m
depth at BH-1, BH-2, BH-3, BH-5, BH-6, BH-7, and BH-8, where
the soil tended to be loose-medium sand.

CSR
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1.5 - %
3.0
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6.0
T 75
(]
S 9.0
=
o
o 10.5
g —=—BH-1
£ 12.0 —=—BH-2
§ 135 —=—BH-3
’ ——BH-4
15.0 —+—BH-5
165 ——BH-6
' —o—BH-7
18.0 —e—BH-8
19.5 —e—BH-9

Fig. 4 CSR results for 9 boreholes

3.1 Safety Factor against Liquefaction

The simplified procedure calculation using a PGA of 0.558 g
and a moment magnitude of 6.2 resulted in various CSR values
from 0.346 to 0.603 and various CRR values from 0.168 to 2.0
(see Figs. 4 and 5). The potential of liquefaction spreads in the
loose to medium sand layers at 1.5-6 m depth with a SF value of
less than 1.0. Liquefaction potential occurs in the 16.5 m depth
layer for all boreholes except BH9 and BH-4 has non-liquefied soil
in all soil layers (see Table 6).
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Kretek 2 Bridge, Bantul, Indonesia
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Fig. 5 CRR results for 9 boreholes
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Table 6 Safety factor against liquefaction and density of the
sandy soil in each layer

SF

BH-1 BH-2 BH-3 BH-4 BH-5 BH-6 BH-7 BH-8 BH-9
1522 2642 0872

0872 0519

SF <1.0

Depth of Borehole [m]

Mediumsand

Liquefaction Potential Index
30 40 50 60 70 80 90 100

1.5 t f f } f t f
=
o
3.0 =
Z
45 | =
— 6.0 |
E
o 7.5
2
o 9.0 -
S ——BH-1
g 10.5 ——BH-=2
= ——BH-3
g 12.0 BH-4
© 135 —BH-S5
——BH-6
15.0 —BH-7
——BH-8
16.5 BH.9
18.0 - =|P|5
- —=LPI15
19.5
Fig. 6 LPI cumulative value based on depth
Liquefaction Risk Index
0 10 20 30 40 50 60 70 80 90 100
1.5 4 | i i i i | : : i
= T
3.0 | s | g
o |
45 | |
|
— 6.0 |
£ i \|| 1
o 7.5
E ] |
o 9.0 | | 1
o —BH-1
[i7] | |
105 | — BH-
: | —
£ 120 | I -
2 | ——BH-4
S 435 I ——BH-5
| ——BH-6
15.0 | ; — BH.7
165 | | BH-8
| ——BH-9
18.0 - =LRI 20
' — —LRI30
19.5 1

Fig. 8 LRI cumulative value based on depth

3.2 Quantitative Indices of Liquefaction Potential

The quantitative index results of each method are displayed
in the cumulative graph. Each change in the shape of the graph
with depth indicates an increase in the potential liquefaction value.
The result of the cumulative LPI value shows various values from
0 to 13.584, with categories for BH-1, BH-2, BH-5, BH-6, and
BH-8 being “high potential”, BH-3, BH-7, and BH-9 being “low
potential”, and BH-4 being “very-low potential” or 0 (see Fig. 6).
The LRN also shows that the soil features very high to low poten-
tials with values of 54.188 to 92.438. The very high potential cat-
egory is found in BH-1, BH-2, BH-5, BH-6, BH-7, and BH-8; the
“high potential” category is found in BH-3; and the “low potential”
category is found in BH-4 and BH-9 (see Fig. 7). The potential
liquefaction has results similar to those of the LPI and LRN meth-
ods, except for BH-3 and BH-7.
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The LRI results show that the soil is dominantly categorized
into low and medium categories with various values from 0.260 to
27.352. The medium category is observed in BH-1, BH-2, BH-6,
and BH-8, and the low category is observed in BH-3, BH-4, BH-
5, BH-7, and BH-9 (see Fig. 8). However, the LSI results are
slightly different from the LRI results. The soil has a potential clas-
sification of very low and low, ranging from 0 to 26.987. The low
class is observed in BH-1, BH-2, BH-5, BH-6, BH-7, and BH-8;
the very-low class is observed in BH-3 and BH-9; and BH-4 is
non-liquified in all layers (see Fig. 9). Although the LRI and LSI
methods have similar equation sources, they have different quali-
tative categories or classifications. The overall quantitative index
results for each borehole are shown in Fig. 10.
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Fig. 10 Quantitative results of each borehole using the LPI,
LRN, LRI, and LSI methods

For the LDI method, the lateral displacement results in a max-
imum value of 3.824 m in BH-1 and a minimum value of 0 m in
BH-4 and BH-9. The post-liquefaction settlement results include a
maximum value 0of 0.114 m in BH-1 and a minimum value of 0 m
in BH-4. In BH-9 (see Figs. 11 and 12), although settlement po-
tentially occurs, no lateral displacement event due to a liquefaction
potential of SF < 1.0 occurs at a depth of 16.5 m.
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Fig. 11 LDI cumulative value based on depth
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4. COMPARISONS AND DISCUSSIONS

The results of this study show that in areas with medium-
dense sand, liquefaction potential still exists. Liquefaction poten-
tial is higher at shallow depths with very loose to medium-dense
sand. The liquefaction potential is observed at all borehole loca-
tions except BH-4.

4.1 Overall Comparison of Quantitative Indices

For a quantitative analysis, the LPI method is based on Iwa-
saki et al. (1981), who showed that soil can be classified into low
and high categories for liquefaction potential. However, in the LPI
results, there are only two outcomes, low and high potential. This
fact indicates that the LPI is suitable for estimating a yes-no like-
lihood of liquefaction occurrence. If there are any liquefaction lay-
ers with a minimum thickness of 3.0 m but that are significantly
low, then that soil can have a high liquefaction potential. This sit-
uation occurs in BH-1, BH-5, and BH-8. The LRN method cali-
brates the LPI method by considering non-liquified sites. The re-
sults of this method show that the categories can be more diverse,
from “low” to “very high” potentials. However, in BH-3 and BH-
7, there are some differences between the LPI and LRN due to dif-
ferent limitations of the SF value in defining the liquefaction state,
that is, 1.0 for the LPI and 1.2 for the LRN. For the LRN result,
BH-3 falls into the high potential and BH-7 into the very high po-
tential category, while the LPI shows low potential at these bore-
holes (see Fig. 13).

The LRI and LSI methods aim to update the LPI method by
assessing the risk and severity of liquefaction occurrences. Even
though the LRI and LSI equations look similar, they are slightly
different in terms of the SF value limits. In the LRI, there is no
limit to the value of SF, whereas in the LSI, the maximum SF used
is less than or equal to 1.411. In addition, the LRI only has three
categories for liquefaction potential, but the LSI has six classifica-
tions, making it more detailed. Nevertheless, these methods have
similar quantitative results (all values are less than 30, unlike those
of the LRN) (see Fig. 13).
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Fig. 13 Comparison results of LPI, LRN, LRI, and LSI methods

The results of the LDI and post-liquefaction settlement meth-
ods show that both lateral displacement and settlement have linear
increments. The higher the lateral displacement value is, the higher
the settlement value at the same borehole. This condition might
occur because the equation to estimate lateral displacement and
post-liquefaction settlement uses the same maximum cyclic shear
strain variable. Except for BH-9, despite a settlement of 0.041 m,
there is no lateral displacement at the soil surface caused by lique-
faction potentially occurring to a depth of 16.5 m. Even so, refer-
ring to Ishihara (1985), if the surface soil layer without liquefac-
tion is thicker than the liquefaction layer below it, it can reduce the
impact on the structure.

4.2 Comparison of Quantitative Indices at Different
Boreholes

A previous study by Soebowo ef al. (2009) showed that lat-
eral spreading or sand boiling did not occur in the Opak River es-
tuary after the 2006 Bantul earthquake. The distribution of lique-
faction is concentrated in the northern and eastern parts of Bantul
Regency and around the Opak River. Nevertheless, the liquefac-
tion potential in the Kretek 2 Bridge area is still present based on
the simplified procedure approach with a resulting SF value < 1.0
for almost all boreholes. The LPI and LRN results show that BH-
1, BH-2, BH-5, BH-6, and BH-8 had consistent values with high
and very high potential, while BH-4 and BH-9 showed equally
very low or low potential. In BH-3 and BH-7, there are significant
differences in the results. This output shows that the LRN corrects
the value generated by the LPI from initially low potential to high
or very high potential. These results also confirm that the LRN is
a complementary method that can be used together with the LPI
for more reliable results. The LSI results have a low to medium
risk output, and the LRI shows a very low to low severity index
output; furthermore, at BH-4, the results indicated non-liquefac-
tion. The LRI and LSI methods tend to have lower qualitative out-
puts than the LPI and LRN methods. This is because the LRI and
LSI emphasize the impacts of liquefaction in terms of risk and se-
verity, respectively. The LSI tends to have the lowest value. At the
same time, the results of the LDI method and post-liquefaction set-
tlement on BH-1, BH-2, BH-6, and BH-8 showed large lateral dis-
placements and settlements. The lateral displacements that oc-
curred were 3.824,2.078,2.431, and 2.939 m. In terms of the post-
liquefaction settlement, the results were 0.114, 0.112, 0.098, and

0.104 m, respectively. The displacement outputs are in line with
the results of the LPI and LRN, indicating that the boreholes have
high and very high liquefaction potentials and medium and low
yields of the LRI and LSI, respectively. Additionally, BH-4 con-
sistently has dense to very dense soil density in all layers. At BH-
4, there is no value of SF < 1.0 in any layer, so the liquefaction
potential index values tend to be very low or low, and there is ab-
solutely no lateral displacement and settlement.

However, the LPI can still be used in a study due to the simple
category with high to low potential outputs. For calibrating and
complementing the LPI method in a location with a dominant non-
liquified layer such as the one in this research, the LRN method
can update the LPI method with a more reliable potential liquefac-
tion value. To consider risk probability and depth weighting, the
LRI method has three categories (low, medium, and high). How-
ever, the LSI method can also be chosen for a more detailed qual-
itative result. In addition to liquefaction potentials, the LDI and
post-liquefaction settlement methods offer only a quantitative
model to predict lateral displacement and settlement value due to
liquefaction. Thus, all quantitative analyses can be used depending
on the research need. A summary of the quantitative analysis of
the liquefaction potential in the Kretek 2 Bridge area can be seen
in Table 7 below.

Further analysis of the impact of liquefaction on the founda-
tion of the structure can be further investigated at BH-1, BH-2,
BH-6, and BH-8. Those boreholes consistently have moderate to
very high liquefaction potentials with various methods (only the
LSI results are only in the low category). They also exhibit high
lateral displacement values of 2.078-3.824 m and settlements of
0.098-0.114 m.

5. CONCLUSIONS

Even though it is in an area with medium to dense sand char-
acteristics, there is a surface layer with a very loose to medium-
dense sand. This soil density class is located at a depth of 1.5-6 m,
except in BH-9 where it is at a depth of 16.5 m. In that layer, the
liquefaction potentials tend to have a low-high possibility of oc-
currence with a low to medium risk and severity index. Of the nine
boreholes in this study, there are eight boreholes with potential for
liquefaction and one borehole with no potential for liquefaction. In
this location, the quantitative analyses help to determine the po-
tential liquefaction. The area of the Kretek 2 Bridge has a lique-
faction potential of “very low” to “high” by the LPI, “low” to “very
high” by the LRN, “low” to “medium” risk by the LRI, and “non-
liquified” to “low” severity by the LSI. Additionally, the lateral
displacement is estimated to be approximately 0-3.824 m, and the
post-liquefaction settlement is approximately 0-0.114 m.

The proposed method is updated/calibrated based on previous
methods. The LPI, LRN, LRI, and LSI methods help estimate lig-
uefaction potentials with consideration of depth factors. However,
each method has different result characteristics. The LPI and LRN
can be complementary. The LRI and LSI have lower qualitative
results than the previous methods, so the results tend to be low to
medium. This pattern shows that the LPI and LRN are more in-
clined to the possibility of a liquefaction event occurring, while the
LRI and LSI emphasize the level of risk and severity of liquefac-
tion damage. The thicker the liquefaction layer is, the higher the
potential damage.
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Table 7 Quantitative analysis results of liquefaction potential

Borehole Safety factor LPI LRN LRI

BH-1 liquified 13.584 high 65.813 very high 25.597 medium
BH-2 liquified 8.143 high 54.188 very high 27.352 medium
BH-3 liquified 3.509 low 79.688 high 16.051 low
BH-4 non-liquified 0.000 very low 92.438 low 0.260 low
BH-5 liquified 5.339 high 68.063 very high 19.521 low
BH-6 liquified 7.601 high 66.570 very high 27.269 medium
BH-7 liquified 3.408 low 65.813 very high 16.386 low
BH-8 liquified 12.548 high 65.813 very high 25.433 medium
BH-9 liquified 0.777 low 89.813 low 2.379 low
BH-1 liquified 25.181 low 3.824 0.114

BH-2 liquified 26.987 low 2.078 0.112

BH-3 liquified 14.440 very low 0.669 0.051

BH-4 non-liquified 0.000 non-liquified 0.000 0.000

BH-5 liquified 19.160 low 0.778 0.057

BH-6 liquified 24.813 low 2.431 0.098

BH-7 liquified 16.148 low 0.492 0.047

BH-8 liquified 25317 low 2.939 0.104

BH-9 liquified 2.104 very low 0.000 0.041

Furthermore, the LDI and post-liquefaction settlement meth-
ods help estimate the lateral displacement and post-liquefaction
settlement potentials. The thicker the liquefaction layer at the sur-
face, the greater the lateral distribution and settlement values. The
last two methods can be used as indicators of area damage meas-
ured in meters if liquefaction occurs.
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