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ABSTRACT Liquefaction is soil condition associated with the drastic increase in pore water pressure of uniform sandy soil due to an enormous

earthquake. Therefore, this study aimed to investigate the correlation of liquefaction potential with excess pore water pressure ratio in nine boreholes

located at Kretek 2 Bridge area using empirical and numerical methods. Liquefaction potential was estimated based on a semi-empirical method

simplified by Idriss and Boulanger (2008), and safety factor (SF) value of ≤1.0 was used to represent the existence of its potential. The result showed

that liquefaction potential was dominant at depths of 1.5 to 6.0 m, with the exception of BH-9 with 16.5 m and BH-4. Furthermore, the excess pore water

pressure ratio was estimated using empirical method developed by Yegian and Vitelli (1981) as well as Serafini and Perlea (2010). Numerical analysis

was also conducted for comparison purposes and the process focused on using Deepsoil v7.0 to generate excess pore water pressure by considering

soil conditions and dominant seismic sources in Kretek 2 Bridge area. The result showed that the ratio of excess pore water pressure was greater or

equaled 0.8. Both empirical and numerical methods produced similar values for BH-1, BH-2, BH-8, and BH-9 at a depth of 1.5–3.0 m, 3–4.5 m, 3.0 m, and

16.5 m, respectively. This showed a correlation between excess pore water pressure ratio and liquefaction potential values at the same depth. However,

numerical method tended to overestimate the ru value, necessitating the use of empirical method to obtain a more reliable result.
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1 INTRODUCTION

Indonesia is situated on four tectonic plates,

namely the Indo-Australian, Eurasian, Pacific, and

Filipina,making the country an archipelagic state.

The geographic placement leads to highly sus-

ceptibility to recurrent seismic activity, includ-

ing earthquakes. On May 27th, 2006, a significant

earthquake with a magnitude of 6.2 Mw struck Yo-

gyakarta Special Region Province and led to 5,716

deaths, 37,927 injuries, and damages to 202,031

houseswith 156,662 destroyed (BAPPENAS,2006).

This devastation was caused by a shallow earth-

quake with a long seismic duration of 52 sec-

onds that shocked the ground. In the occurrence

of this event, Bantul and Klaten Regencies were

mostly affected by the earthquake. Another study

by Buana and Agung (2015) reported that the 2006

earthquake caused liquefaction in Bantul. Mase

(2017a) also reported liquefaction effects, includ-

ing boiling in some places, as shown in Figure 1a.

Soil in the area was classified as a quaternary de-

posit sourced by Merapi Mount Volcanic. Further-

more, the geological map of Yogyakarta in Fig-

ure 1b showed that the geological formation of

Bantul was dominantly on the young Merapi vol-

canic mount (Qmi) (Rahardjo et al., 1977). Youd

and Perkins (1978) classified the susceptibility of

soil deposit susceptibility to liquefaction during a

strong seismic, and the result showed that the lo-

cation was in the “moderate” to “high” category.

This was due to the presence of a quaternary soil

deposit with a 20 m depth of non-cemented mate-

rial.

This study was conducted in Opak river estuary,

Bantul Regency, Yogyakarta Special Region, char-

acterized by sandy soil with loose sand density at

the top layer. Moreover, Kretek 2 Bridge, which

crossesOpak river estuary,was constructed betwe-
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(a) (b)

Figure 1 (a) Sand boiling at the well of a resident in Yogyakarta Special Region (Mase, 2017a), (b) Modified geological map of Yogyakarta
(Rahardjo et al., 1977; Soebowo et al., 2009)

en 2021 and 2022. It was observed to be situated

in close proximity to Opak fault, which served as

the epicenter of the 2006 Bantul earthquake. The

foundation of the bridge was constructed using a

bored pile of 32 to 34 m depth classified as a deep

category. According to Zakariya et al. (2022b),

Kretek 2 Bridge area had a low to high liquefaction

severity index. The background information led to

the adoption of empirical and numerical methods

to assess the correlation between liquefaction po-

tential and the ratio of excess pore water pressure

in the area. This study was considered important

due to the ability of excess pore water pressure to

decrease the effective soil stress with subsequent

effect on the bearing capacity of the bridge foun-

dation.

2 METHODS

A simplified procedure was proposed by Seed and

Idriss (1970) to estimate liquefaction potential

with due consideration for laboratory examina-

tions and field observations. The result showed

that the potential could be determined by soil de-

posit type, initial stresses, and the seismic. More-

over, an earthquake normally induces cyclic stress

on soil, which can be determined through cyclic

stress ratio (CSR). CSR was estimated in the equa-

tion shown in Figure 2 using peak ground acceler-

ation maximum (amax), effective soil stress (σ’vc),
total soil stress (σvc), and stress reduction coef-

ficient (rd). This equation was updated by Idriss

(1999) through the multiplication of the magni-

tude scale factor (MSF) with CSR value. On the

other hand, Idriss and Boulanger (2004) suggested

multiplying the overburden correction factor with

CSR value. During the occurrence of the earth-

quake, soil resistance or countermeasure value

was measured against CSR through the concept of

cyclic resistance ratio (CRR) (Idriss and Boulanger,

2008). CRR value was determined by SPT-N cor-

rected ((N1 )60cs) using soil drilling equipment, ef-

fective overburden pressure correction, and fine

soil contents. The two variables, namely CRR and

CSR, could be divided to determine safety factor

(SF). The flow chart applied to estimate SF against

liquefaction is described in the following Figure 2.

This study aimed to investigate the correlation

between liquefaction potential based on the sim-

plified procedure and excess pore water pressure

determined using empirical and numerical meth-

ods. Numerical aspect considered soil type and the

dominant earthquake source at Kretek 2 Bridge.

This is justified by the global occurrence of lique-

faction phenomena, which is triggered by strong
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Figure 2 Flow chart to estimate liquefaction potential through the simplified procedure (Idriss and Boulanger, 2008)

Figure 3 The correlations between SF against liquefaction and
excess pore pressure ratio (Marcuson and Hynes, 1990; Serafini
and Perlea, 2010; Yegian and Vitelli, 1981)

seismic activities leading to an increased pore wa-

ter pressure. In addition, a pore water pressure

ratio with values greater than 0.9 or close to 1.0

could separate particles of sandy soil to cause liq-

uefaction (Prakoso et al., 2022). Excess pore water

pressure ratio can be predicted using the following

Equation 1. Where, ru is excess pore water pres-

sure ratio,∆u is the increased pore water pressure

(kPa), and σ’0 is the initial effective stress.

ru =

(
∆u

σ′o

)
(1)

The increment in the value and approaching the

initial effective stress value leads to a reduction of

the effective stress in soil, eventually tending to

zero (Port and Harbour Research Institute, 1997).

Yegian and Vitelli (1981) conducted a study to

predict ru using SF variable based on the follow-

ing empirical method in Equation 2. Where SF is

safety factor against liquefaction, α is a constant

set at 0.7, and β is 0.19.

ru =
2

π
arcsin

(
1

SF

) 1
2αβ

(2)

Marcuson and Hynes (1990) also plotted a rela-

tionship between SF and residual excess pore pres-

sure in sand and gravel soil types. Serafini and

Perlea (2010) proposed an equation for the rela-

tionship between ru and SF. Furthermore, a line

graph was formed approaching the upper bound

limits of the chart by Marcuson and Hynes (1990),

specifically for sandy soil types, as shown in Figure

3. Serafini and Perlea (2010) also used numerical

method by FLAC software and UBCS and material

to produce the following Equations 3 and 4:

ru = SFX(forSF < 3.0) (3)

x = −
(
SF +

1.9

SF
+

0.95

SF 0.5

)
(4)

Numerical method was also applied to analyze the

nonlinear site response to pore water pressure us-

ing Deepsoil v7.0 by Jalil et al. (2021). Empirical

method was used by Yegian and Vitelli (1981), as

well as Serafini and Perlea (2010) to generalize the

ru values produced using only one variable,namely

SF. Therefore, numerical method was compared

with empirical results due to the ability to gener-

ate ru values based on the characteristics of the lo-

cal soil condition and earthquake load dominantly

affecting the area.
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(a)

(b)

(c) (d)

Figure 4 Ground motion and Spectral acceleration of (a)(c) The 1987 Superstition Hills earthquake, and (b)(d) The 1980 Mammoth Lake
earthquake, respectively

Table 1. Seismic loads used to represent the 2006 Bantul
earthquake

Description
Earthquake

Bantul
Superstition

Hills

Mammoth

Lake

Year 2006 1987 1980

Location Indonesia USA USA

Magnitude scale (Mw) 6.2 6.54 6.06

Depth (km) 17.2 11.16 15.46

Mechanism Strike-slip Strike-slip Normal Oblique

Deepsoil v7.0 is a tool used for numerical analy-

sis, specifically in generating the ru value for one-

dimensional site response analysis based on dif-

ferent parametric soil conditions. This tool was

developed by Hashash et al. (2020) to analyze

the linear frequency domain, linear time and fre-

quency domain, and nonlinear time domain with

or without the generation of pore water pressure.

Jalil et al. (2021) applied this method to deter-

mine liquefaction potential using the model op-

tion of pore water pressure generation and the ru
was found to be more than 0.8 (Hazirbaba, 2005).

Another study showed that the limit for the in-

creasing liquefaction in pore water pressure ratio

was 0.7 to 1.0. Meanwhile, Mase et al. (2022) re-

ported an increase of 0.9 to 0.95 in the maximum

ratio of pore water pressure. The results of previ-

ous studies showed that earthquake data was im-
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Figure 5 Boreholes location (Google Earth, 2023)

Figure 6 Analysis of SF against liquefaction for nine boreholes

portant to the generation of ru in soil. For ex-

ample, Pramaditya and Fathani (2020) conducted

physicalmodeling on uniform soil types and found

the ru to be 1.0 at 10 seconds due to the increase

in the acceleration of the 1995 Kobe earthquake

load. The studies showed that liquefaction events

were expected to be found in the ru range of 0.7

to 1.0, depending on the type of non-cohesive soil

and SPT-N value.

The seismic load input in this study includes

earthquakes with similar mechanisms as 2006

Bantul (Supartoyo, 2006). This include the Super-

stition Hills of 1987 and the Mammoth Lake of

1980, as shown in Table 1 and Figure 4. The ap-

plication of other groundmotions in the globe was

due to the shortage of relevant data in Indonesia.

3 RESULTS

Soil from nine boreholes was investigated using

the standard penetration test data (SPT-N) and

grain size distribution from sieve analysis. More-

over, Look (2007) classified sandy soil into dif-

Figure 7 Correlation (N1)60 with SF against liquefaction

ferent categories including “very loose”, “loose”,

“medium”, “dense”, and “very dense” for SPT-N of

0 – 4, 4 – 10, 10 – 30, 30 – 50, and >50, respec-

tively. Kretek 2 Bridge area was observed to be

dominated by medium to very dense sandy soil.

Simplified procedure analysis showed that lique-

faction potential was less than 1.0 in most of soil

layers at different depths of 1.5 – 6.0 m in each

borehole. The exception was BH-9 where the po-

tential occurred at a depth of 16.5 m with a thick-

ness of 1.5 m as well as BH-4 where none was ob-

served in all soil layers, as shown in Figure 5 and

Figure 6. Clay soil was specifically obtained from

BH-1, BH-2, and BH-7 at 27 to 39 m, 36 to 39 m,

and 28.5 to 30mdepth,without any effect of lique-

faction. The results were similar to the “very low”

to “medium” density soil discovered in a previous

study conducted using Settle 3 on the surface layer

from 0 to 6.0 m (Zakariya et al, 2022a). The re-

sult also showed that themaximumvalue of SPT-N

corrected through the effective overburden stress

and soil boring equipment or (N1)60 27 for SF <1.0

(Figure 7).

Numerical method was implemented through

Deepsoil v7.0 using soil model with an option of

a general quadratic or hyperbolic model and pore

water pressure. This model can generate ru in all

soil layers using seismic loads as input. The gen-

eration of ru resulted in a proportional increase in

line with the seismic duration. Moreover, Deepsoil

v7.0 reported a significant increase in pore water

pressure in < 15 seconds, and the ru reached 0.8,

showing liquefaction of soil as presented in Fig-

ure 8. The application of a shaking table test in
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Figure 8 Excess pore water pressure ratio at (a) (b) BH-2 at 3-4.5 m depth (for Superstition Hills and Mammoth Lake earthquakes), and
(c) (d) BH-6 at 25.5-27 m depth (for Superstition Hills and Mammoth Lake earthquakes)

(a) (b) (c)

Figure 9 Excess pore water pressure ratio from empirical and numerical analysis a) BH1, b) BH2, and c) BH3

a previous study generated a maximum ru at > 5

seconds (Mase et al., 2021). Another study con-

ducted using numerical method showed that the

time required to generatemaximum ru was depen-

dent on the seismic load and soil characteristics

(Mase, 2017b; Prakoso et al., 2022). In this study,

the time varied based on soil type, seismic load,

andmethod applied. For example, the ru value was

higher than 0.8 in layer 3–4.5mdepth at BH-2 and

25.5 – 27 m at BH-6, as shown in Figure 8.

A comparison was made between empirical and

numerical analyses applied through Deepsoil v7.0

to every borehole and the results were plotted in

the graphs, as shown in Figure 9, Figure 10 and

Figure 11 (Yegian and Vitelli, 1981; Serafini and

Perlea, 2010). The result showed a partial agree-

ment on the data distribution of excess pore water

pressure ratio for the boreholes in both analyses,

as shownbySF < 1.0 and ru ≥ 0.8. These valueswere

recorded at depth of 1.5 – 3.0 m in BH-1, 3.0 – 4.5

m in BH-2, 25.5 – 27.0 m in BH-5 and BH-6, 3.0 m

in BH-8, and 16.5 m in BH-9. Meanwhile, ru was

empirically found to be > 0.8 and numerically 0.5

≤ ru < 0.8 at 4.5 and 24.0 m in BH-5, 6.0 m in BH-

6, 3.0 and 25.5 m in BH-7, as well as 21.0 and 27.0
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(a) (b) (c)

Figure 10 Excess pore water pressure ratio from empirical and numerical analyses a) BH4, b) BH5, and c) BH6

(a) (b) (c)

Figure 11 Excess pore water pressure ratio from empirical and numerical analyses a) BH7, b) BH8, and c) BH9

(a) (b)

Figure 12 SF vs. Excess pore water pressure ratio based on empirical and numerical methods using seismic source. (a) The 1987 Super-
stition Hills earthquake and (b) The 1980 Mammoth Lake earthquake
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Figure 13 Correlation (N1)60 with excess pore water pressure ra-
tio

m in BH-9 occur. Empirical results showed that SF

valuewas > 1.5 in non-potential liquefaction layer,

leading to an ru of < 0.25. On the other hand, nu-

merical analysis showed a larger value at the same

depth, with 0.95 as the maximum recorded value

of ru using numerical method.

4 DISCUSSION

A simplified procedure analysis was conducted

to estimate SF against liquefaction. The results

showed that liquefaction potential (SF < 1) was

dominantly distributed on the surface of soil layer

at depths of 1.5 – 6.0 m due to the presence of ex-

cess pore water pressure. Furthermore, a thresh-

old of ru ≥ 0.8 was used to define the limit for

liquefaction occurrence. The non-potential lique-

faction layer analyzed numerically using Deepsoil

v7.0 produced overestimated values compared to

empirical method. This was confirmed in Figure

12 where soil layers with SF value > 1.5 had ru =

0.2-0.7. Empirical results showed that SF value >

1.5 tended to have ru < 0.25, suggesting an insuffi-

cient excess pore water pressure to induce soil liq-

uefaction. Therefore, the application of numeri-

cal analysis to determine the ru value in each soil

layer required the controlling effect of empirical

method. The ru values obtained numerically on

the left side of empirical line stated by Yegian and

Vitelli (1981) and Serafini and Perlea (2010) were

more convincing for use in subsequent analytical

studies. The selection of the seismic source for nu-

merical analysis was important due to its influence

on the ru value. This was confirmed in Figure 12

where the ru generated with the 1987 Superstition

Hills earthquake was slightly higher than the 1980

Mammoth Lake earthquake.

The relationship between (N1)60 and ru in Fig-

ure 13 shows that smaller (N1)60 has higher ru.

This result is consistent with previous liquefac-

tion potential examined using the simplified pro-

cedure showing that smaller (N1)60 produced low

SF value. However, Iwasaki et al. (1981) reported

the occurrence of liquefaction behavior only at

depths < 20m, showing that the ru values obtained

at > 20 m could be neglected.

5 CONCLUSION

In conclusion, liquefaction potential studied us-

ing the simplified procedure showed that all bore-

holes in the area were vulnerable, with the excep-

tion of BH-4. This was confirmed by SF < 1.0 and

ru ≥ 0.8 recorded at depth of 1.5 – 3.0 m, 3.0 – 4.5

m, 25.5 – 27.0 m, 3.0 m, and 16.5 m in BH-1, BH-

2, BH-5 and BH-6, BH-8, and BH-9, respectively.

Empirical results showed ru > 0.8, while numerical

analysis reported 0.5 ≤ ru < 0.8 at 4.5 and 24.0 m

in BH-5, 6.0 m in BH-6, 3.0 and 25.5 m in BH-7,

as well as 21.0 and 27.0 m in BH-9. Furthermore,

empirical method was used to predict the ratio of

excess pore water pressure using SF against liq-

uefaction. Numerical method using Deepsoil v7.0

was used to generate the ratio of excess pore wa-

ter pressure with attention to the local soil con-

ditions and seismic load considered dominant on

the site. The ru values generated numerically par-

tially was consistent with empirical method but

tended to be overestimated. Further investigation

was required to determine the ru limit value for

liquefaction and the ≥ 0.8 used tended to coincide

with SF value < 1.0. This showed that liquefaction

potential could be determined by considering ru
generated through numerical method using Deep-

soil v7.0 but required verification using empirical

method to ensure high reliability. The examina-

tion of excess pore water pressure ratio in regions

vulnerable to liquefaction was important because

the condition could lead to a rapid deterioration

of the low-bearing capacity of building founda-

tions, as evidenced by the ru values approaching

1.0. However, studies could be conducted to accu-

rately estimate the excess pore water pressure ra-

tio using othermethods, such as the application of

soil laboratory tests or in-situ pore pressure mea-

surements.
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