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Abstract

Historical liquefaction events have occurred at many locations, such as Yogyakarta and Lombok; the most significant flow
side is in Palu. The standard Indonesian liquefaction assessment is based on a simplified empirical analysis. However,
these methods only occasionally yield appropriate results. Contrastingly, the limited data from the cyclic test ensured that
the liquefaction ratio could only partially support the liquefaction vulnerability. This research aims to re-examine the
empirical approach that combines the constitutive model using LIQCA with a cyclic triaxial test (CXT) and cyclic simple
shear (CSS). The empirical method was arranged using deterministic and probabilistic approaches, and the
recommendation of the peak ground acceleration (PGA) threshold was validated. The results show a strong relationship
between all calculation methods and the SPT value, which differs in the liquefaction strength ratio. This output offers the
PGA recommendation results, reaching a 48% overestimation from the empirical method without considering the cyclic
test. This research presents the development of a combination of the empirical method with the element simulation from
CXT and CSS. This offers a comprehensive overview of the Indonesian requirement standard assessment for liquefaction
vulnerability analysis.
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1. Introduction

Earthquakes are natural phenomena that have led to disasters and caused destruction in Indonesia. As a seismic-
prone country located on several large tectonic plates, namely Indo-Australian, Pacific, and Eurasian plates, a vast
number of local faults and thrusts also influence the likelihood of earthquakes. Consequently, many researchers in
Indonesia have conducted studies to mitigate the drawbacks of earthquakes in specific areas, focusing on mainshocks
and aftershocks [1, 2], as well as ground performance [3] and loss assessments [4]. According to Indonesia Geological
Information, the most prominent earthquakes in the past 20 years occurred in Cianjur (2022), Mamuju (2021), Palu
(2018), Lombok (2018), Padang (2009), and Yogyakarta (2006). In addition, geotechnical failure, usually induced by
earthquakes and causing many deaths and destruction in Indonesia, leads to liquefaction phenomena such as landslides,
lateral spreading by liquefaction, and substructure collapse. The most significant of the ground failure phenomena, which
included flow slides, lateral spread, settlement, debris floods, and ground slides, was liquefaction from the Palu 2018
earthquake [5, 6].

Liquefaction in Indonesia causes significant destruction for many seismic events. Based on the Geological
Department of Indonesia [7], 22 occurrences of liquefaction have been recorded in Indonesia in the last 20 years. For
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the Palu 2018 earthquake, there are 375 sites (including Jonooge and Petobo) where seismic intensities are reported,
with a maximum value of X on the Modified Mercalli Intensity (MMI) scale [8]. Furthermore, in the Lombok 2018
earthquake, the MMI scale reached V111 values, and the Yogyakarta 2016 earthquake was at the same level. The extent
of damage caused by liquefaction events is shown in Figure 1.

Figure 1. Liquefaction in Indonesia (a) Petobo [9], (b) Jonooge [10], (c) Yogyakarta [11], (d) Lombok [12]

Liquefaction assessments have been comprehensively developed worldwide. General analyses include stress-based,
cyclic strain-based, energy-based, laboratory and physical model testing, regional liquefaction hazard maps and
historical liquefaction occurrences, field measurements, and computational mechanics approaches [13]. According to
Fitri & Sawada [14], liquefaction studies in Indonesia offer the liquefaction potential in stress based on deterministic
and probabilistic approaches with a massive number of empirical and semi-empirical analyses. The remaining were soil-
site testing and mapping. Furthermore, the Geotechnical Standard in Indonesia (SNI) (2017) [15] states that liquefaction
assessment requirements are based on Seed & Idriss (1971) [16]. The technical community has enjoyed the benefits of
empirical methods for evaluating liquefaction triggering. However, each method has flaws. The practical community
can be enhanced by employing various methods, evaluating the source of any discrepancies in the results, and employing
professional judgment to resolve them [13].

A few laboratories cyclic studies that analyzed liquefaction vulnerability in Indonesia have induced a wide range of
empirical assessment calculations. In contrast, deterministic empirical approaches occasionally demonstrate
inconsistencies in predicting the liquefaction potential when compared with actual data from sites where liquefaction
has occurred. Therefore, cyclic laboratory investigations should be conducted. This testing continues to play a critical
role in examining and assessing the potential for liquefaction triggering and the influence of acceptable content, density,
fines content, grain size distribution, degree of saturation, and nonuniform load cycles. It is also beneficial for
establishing constitutive relationships for developing pore pressure prior to liquefaction and to investigate the post-
liquefaction behavior of soils. To determine the complexity of the soil behavior in the soil constitutive approach, all
models must consider both elastic and inelastic deformations of the soil matrix. This theoretical approach supports the
soil material response in examining predictions and modeling in both the field and laboratory [16, 17].

Owing to the limitations of the cyclic equipment test in Indonesia, the constitutive soil model for the element
simulating the cyclic test is an alternative for analyzing the dynamic behavior of soil. One of the element simulations
using constitutive soil models is the prediction approach of LIQCA. This model used the elastoplastic (E-P) constitutive
model Oka et al. [18] and was derived from the following assumptions: degradation of the plastic strain-dependent shear
modulus, overconsolidation of the boundary surface, infinitesimal-strain theory, elastoplastic theory, generalized non-
associated flow rule, nonlinear kinematic hardening rule, and fading memory of the initial anisotropy [19]. This method
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has been used in a wide range of Japanese soil analyses for liquefaction, such as desaturated silica sand for cyclic tests,
applying probabilistic models to structural and material strength, and investigating the primary cause of the subsidence
of road embankments at survey sites using a numerical model [20-22].

Diverse thresholds for the permitted peak ground acceleration (PGA) have been identified in numerous seismic
zonation guidelines and building regulations [23]. The differences in the recommendation values based on historical
events also boost the PGA threshold. For a simplified approach, the PGA plays a significant role in assessing the
liquefaction shear that produces the FS value in the deterministic method. Furthermore, the results of the probabilistic
approach were shown in the ground description through an analysis of the FS. This study aims to analyze a simplified
stress-based approach to liquefaction-triggering assessment, that combines the constitutive model using LIQCA with
the comprehensive simulation of the cyclic triaxial test (CXT) and cyclic simple shear (CSS). The performance of the
cyclic simulation test with PGA variants produced the recommended value to ensure the safety condition, which can be
validated by the probabilistic method to offer the response description. The proof of the percentage simulation of CXT
and CSS with the empirical method is expected to fill the gap in Indonesian requirement assessment for liquefaction
vulnerability analysis.

1.1. Overview of Earlier Studies

Assessments of liquefaction vulnerability in Indonesia can be classified into several approaches. Field measurements
and regional examinations were conducted by Jalil et al. [24] using microtremor measurements, in which the shear wave
velocity and ground shear strain approaches were combined with the site characteristics to assess liquefaction. Moreover,
Swedish weight sounding (SWS) and standard penetration text (SPT) were analyzed to obtain the liquefaction index.
Another method is site reconnaissance, which uses Google StreetView and historical evidence to observe ground failures
caused by liquefaction [5]. However, the recalculation focused only on site-specific liquefaction evidence and used an
empirical estimation. The complex soil behavior at different sites must be captured.

The general analysis has been dominated by SPT and CPT for empirical and semi-empirical analyses to conduct
liguefaction indexing. Mase [11] proposed a simplified energy concept with one-dimensional earthquake response
research to identify the maximum ground acceleration combined with potential indexing for liquefaction. Aini et al. [25]
focused on calculating the liquefaction potential index (LPI), and Zakariya et al. [26] examined several indexing
liquefactions using five different indexing approaches. The results showed that the LPI and liquefaction reduction
number (LRN) were more developed for the probability of the appearance of liquefaction. In contrast, the liquefaction
risk index (LRI) and liquefaction severity index (LSI) focus on the degree of risk and level of liquefaction destruction.
Empirical and semi-empirical methods dominate all project liquefaction vulnerability studies in Indonesia because the
Indonesian standard [15] requires a simplified approach following Idriss & Boulanger (2008) [27] and Youd & Idriss
(2001) [28]. However, the empirical methods are based on historical data and may not be applicable to all soil types or
loading conditions. There are limitations to verifying the accuracy of these empirical models and refining them based
on the observed real soil site behavior.

Liquefaction occurs because of earthquakes; hence, ground motion analysis is an essential approach for its
examination. The common method is a deterministic and probabilistic seismic hazard analysis (DSHA and PSHA,
respectively) that propagates time-historical waves to the ground surface [29, 30]. The output is a combination of the
maximum acceleration (PGA) for the seismic wave analysis, earthquake magnitude, N-SPT value from the boring test,
and various soil properties, which are evaluated using a semi-empirical technique to determine the liquefaction safety
factor. Nonetheless, this research does not fully address the specific range of PGA values and their influence on the
empirical analysis.

The limited number of laboratory experiments regarding soil cyclic tests and dynamic load models in Indonesian
liquefaction research has led to few references. Kiyota et al. [31] conducted undrained triaxial cyclic measurements on
in situ undisturbed samples of Indonesian soil and determined the cyclic resistance ratio of the reported liquefied soil.
Moreover, Mase [32] analyzed a shaking table experiment and found that the dynamic load variation significantly
affected the time stages of liquefaction, the increase in the percentage of liquefaction duration, and the cyclic stress ratio.
However, there is a limited amount of cyclic equipment for dynamic analysis in Indonesia, and it is difficult to prevent
undisturbed samples from being used for actual site conditions. Soil cyclic simulations require complementing and
enhancing other methods to provide a more comprehensive understanding of critical liquefaction events.

CXT and CSS are alternative laboratory experiments for determining the liquefaction behavior of soil samples.
Khashila et al. [33] found that CXT simulates conditions that are more representative of isotropic stress states, whereas
CSS better mimics the shear stresses experienced during seismic events. Arriaga & Green [34] showed that the CXT
evaluates soil behavior under three-dimensional stress conditions, whereas CSS focuses on two-dimensional shear stress.
The cyclic strain approach effectively evaluated the triggering of liquefaction. Onalp et al. [35] described CXT and CSS
as useful for assessing soil liquefaction; CSS is particularly convenient and rapid for confirming judgments, although
physical properties must also be considered. An evaluation of the liquefaction strength of Japanese natural sandy soil
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using triaxial and simple shear tests was also completed by Oka et al. [36]. Nevertheless, significant differences from
the existing liquefaction criteria were observed. This lack of comprehensive data may hinder our ability to draw
definitive conclusions regarding the liquefaction potential under various soil conditions. CXT and CSS results require
proper correlation and validation for field simulations.

Soil element simulations based on constitutive models are valuable tools for predicting soil liquefaction because the
essential outputs provide complex soil behaviors, offer different soil states, and simulate dynamic loading and effective
stress. Sternik [37] developed an elastic-plastic model incorporating the Drucker-Prager failure criterion, a
nonassociated plastic flow rule, and deviatoric hardening that is suitable for simulating soil elements in liquefaction
tests. In addition, some previous studies presented a constitutive model with a shear-history threshold that accurately
predicted the cyclic strength of sand under various cyclic stress ratios by incorporating a shift in the apparent angle of
phase transformation and a deviatoric fabric tensor [27, 28]. Fujiwara et al. [38] used LIQCA to generate a simulated
stress-strain relationship and an effective stress path for liquefiable sand. Moreover, Oka et al. [36] described many
constitutive models for sand and liquefiable soil, such as cyclic EP and elasto-viscoplastic models, and provided further
approaches for estimating liquefaction based on dynamic analysis. However, future research should focus on refining
these models to capture the behavior of soils under various loading scenarios more accurately. In addition, there is a
need for an extensive field validation of the LIQCA method using data from recent earthquakes. This condition involves
calibrating the model against the observed liquefaction events to enhance its predictive capabilities.

Based on all further research suggestions and limitations from the previous literature, this research provides the
development of a combination of the empirical method typically used in Indonesia with element simulation from the
CXT and CSS, which results in several historical examples of liquefaction in Indonesia. Furthermore, the results from
the simplified methods of Idriss & Boulanger (2008) [27] and Youd & Idriss (2001) [28] and soil sample simulations
were validated by the involvement of the PGA value to determine the range of the threshold of the two approaches. This
output expands the Indonesia Geotechnical Standard for liquefaction assessment to include an appropriate approach for
conducting cyclic soil tests.

2. Research Methodology
2.1. Research Location

This study used specific locations in Indonesia with historical liquefaction phenomena, namely Lombok,
Yogyakarta, and Palu areas. The primary investigation is from the Indonesia liquefaction map, which considers the
seismic and geological characteristics of a particular site. In addition, the seismic factor uses the 10% probability of an
earthquake in 50 years for liquefaction analysis, where the lithology factor considers non-cohesive sites and loose and
saturated conditions. The geomorphology and hydrogeology were also examined. The detailed locations and overlays
of the liquefaction vulnerability map are shown in Figure 2.
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Figure 2. Soil sample location
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Figure 2 shows the soil sample locations used in this research. This study utilized specific locations in Indonesia
with high and medium liquefaction susceptibilities. According to the Geology Department of Indonesia [7], the
liquefaction zone is highly susceptible to destruction, such as flow slides, lateral spreading, settlement and tilting, and
sand boiling. A medium liquefaction rate indicates lateral spreading, settlement, tilting, and sand boiling. The locations
are on one of three islands: Java Island in the Special Region of Yogyakarta Province, Lombok Island in East Nusa
Tenggara Province, and Sulawesi Island in Central Sulawesi Province. The details of the locations, number of boreholes,
and element simulations are presented in Table 1.

Table 1. Soil sample location

No of No. No of soil

. . Location Province Name of BH Location Area
project/ site boreholes sample
East nusa tenggara/
1 GECC Lombok Peaker Lombok Island 4 BH1, BH2, BH3, BH4 20 1 Lombok
Lo East nusa tenggara/
2 Mandalika circuit Lombok Island 5 BH5, BH6, BH7, BH8, BH9 21 2 Lombok
Underpass project YIA Special region of
3 airport t Yogyakarta 4 BH10, BH11, BH12, BH13 20 3 Yogyakarta
. . Special region of BH14, BH15, BH16, BH17, BH18,
4 Kretek bridge project Yogyakarta 9 BH19, BH20, BH21, BH22 47 4 Yogyakarta
5 Bogowonto embankment Special region of 3 BH23, BH24, BH25 15 5 Yogyakarta
Yogyakarta
6 Balora site Central Sulawesi/Palu 5 BH26, BH27, BH 28, BH29, BH30 20 6 Palu
. . BH31, BH32, BH33, BH34, BH35,
7 Jonooge site Central Sulawesi/Palu 10 BH36, BH37, BH38, BH39, BH40 41 7 Palu
8 Petobo site Central Sulawesi/Palu 4 BH41, BH42, BH43, BH44 19 8 Palu
9 Donggala port project ~ Central Sulawesi/Palu 3 BH45, BH46, BH47 7 9 Palu
10 Wani Port project Central Sulawesi/Palu 3 BH48, BH49, BH50 10 10 Palu
Total 50 220

Table 1 shows the soil sample locations divided into the three provinces and areas. All boring points were from
the SPT (Standard Penetration Test) site investigation with the limitation of soil sample with the saturated condition,
loose sand classification, and NSPT <20 because it indicates the possibility of liquefaction [39]. The first area is
Lombok Island with two points, the GECC Lombok Peaker and Mandalika circuit, with four and five boreholes and
a total of 20 and 21 soil samples, respectively. In the Yogyakarta area, the projects are the Underpass YIA airport,
Kretek Bridge Project, and Bogowonto embankment, with total borehole points being 4, 9, and 3 with 20, 47, and 15
soil samples, respectively. The rest of the locations in the Palu region have five sites and projects, namely Balora,
Jonooge, Petobo, Donggala Port, and Wani Port, with a total of 5, 10, 4, 3, and 3 boreholes, and a total of 20, 41, 19,
7, and 10 soil samples, respectively. The total number of boreholes from three provinces was 50, and the total number
of soil samples was 220.

2.2. Research Diagram

The first step in research flow analysis was to examine areas with the possibility identified from the liquefaction
susceptibility map of Indonesia. Thus, a historical event of liquefaction occurrence and a field investigation after each
phenomenon should have been conducted. The research procedure is illustrated in Figure 3.

2.3. Site Investigation and Soil Sample

As described in the previous section, an SPT investigation was conducted in all research locations. The soil sample
was also filtered using sand classification and groundwater table data, as well as the limitation of the density of the layer
(NSPT < 20). Furthermore, other properties of the soil parameters should be determined by soil tests or estimates,
depending on the test or empirical correlation.
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Figure 3. Research flowchart

2.4. Ground Response

The ground response assessment used to calculate liquefaction potential in this research was divided into two criteria.
The first approach was to examine the effect of liquefaction strength from an element simulation, which LIQCA provides
with the determined value of PGA from the Indonesia Earthquake hazard map [40]. The three areas exhibited different
maximum accelerations. Based on this map, this study utilized an earthquake probability of 10% in 50 years. The values
ranged from 0.3 to 0.46 g for the Lombok area, 0.46 g for the Yogyakarta area, and 0.6 g for the Palu location,
respectively. Moreover, Irdhiani et al. [30] conducted a field investigation of PGA in the Palu area site at the value of
05-0.6 g. The values from the hazard map were adequate. According to Orense [41], liquefaction may occur when the
PGA is more significant than 150 gals (0.15 g) and the PGV is greater than 20 kine, as indicated by the analyses of
significant motion records at multiple locations. Hence, this range of data supports the idea that all locations have a high
liquefaction potential.

2.5. LIQCA Constitutive Model for Element Simulation

The LIQCA constitutive soil parameters are applied to generate a simulation element. The (EP) model is a
fundamental numerical analysis tool for this program. In addition, the soil properties required for the input are the void
ratio (eo), Poisson’s ratio (v), compression index (k), swelling index (1), overconsolidation ratio (OCR), shear modulus
(Go), density (Dy), failure stress ratio (M), dilatancy parameter (n), and reference strain (YrF). The basic experiment
entailed obtaining these parameters with empirical soil mechanical correlation if the secondary data were unavailable.

The E-P model was applied to liquefiable soil layers with the potential for liquefaction. In addition, the model was
implemented in soil layers, including non-liquefiable layers located near the ground surface and an embankment, that
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can produce extensive strain. An element simulation attempted to replicate the findings of mechanical laboratory tests,
including simple shear and triaxial tests. A particular constitutive model can be incorporated into the computer program
to conduct elemental simulation. Furthermore, the concerns for this method are the initial shear modulus ratio and
deformation mode. It is essential to consider the strain standard and background before achieving the strain standard.
This has a substantial impact on the anticipated deformation. Certain parameters in the E-P model substantially affect
the possibility of increases in the shear strain and decreases in effective stress. The simulation for the cyclic experimental
tests was conducted based on the material using elastoplastic approaches in a controlled test with the initial effective
stress of the site from the soil sample taken under undrained conditions. The detailed calculation was adopted from the
LIQCA Research and Development Group [19]; it can be explained as follows:

e Cyclic Simple Shear (CSS) Test

The undrained simple shear simulation has been conducted following the assumption:
dey, = dey, = de; = 0 1)

Based on the relationship between the strain increment vector (de;), elastoplastic matrix (D;;), and stress increment
vector (do;) in three dimensions, which offers shearing in x and y directions, the calculation is analyzed with the initial
form:

[ dox ] [ﬁx 1 [P Diz Dis Dis]| dey ]
y

[day‘_l_ _ P21 D2z Dz3 Dy [dsy‘ @)
doy,
da, R,

Ry, D3y Ds3; D3z Dy dgxy
Dyy Dy Dsz Dl lae,

where R is the modified stress vector at failure. Owing to the assumptions of the CSS test, the applied equation was
changed as follows:

[do‘x'l [Rx'l [D13 dgxy]
[ doy | | Ry | | D23 dsxyl

. -l
|day, | leyJ [033 dey J
da, R, 1 |Dy3 deyy,

®)

According to the stress control test, the deformation can be calculated using the matrix in Equation 3, whereas
another stress increment can be analyzed using the following formula:

de, 22yt Ray (4)

D33
In undrained conditions, the relationship between stress and strain increments is:
do, = do, = do, = 0 ®)

To solve the formula, the load input in the stress control test used stress increment do,,, as a load in the modified
matrix.

0 [ Ry ] Di; Di; Dy Dy [ dey ]
0 Ry | _|Da1 Daz Dpz Dyl | dgy
doo,| T |R.| = |Dsy Ds, Daw Dol ldens | ©)
Oxy l ny 31 sz 33 34| |déxy
0 R, Dyi Dyz Das Dygl L de,

e Cyclic Triaxial (CXT)Test

The general matrix for a cyclic test using the elastoplastic approach is presented in Equation 2. The unconsolidated
undrained triaxial simulation matrix was based on several assumptions.

deyy=dey, =0 U]
doyx=do,=0 ©)
de=de, = — % de, 9)

Therefore, the general matrix in Equation 2 can be improved as follows.

1
doy [Rx] Diy Diz Diz Dia [_ Edsy]
day + R, _ Dy1 Dy Dyz Doy | dsy |

0 Ry D3y D3y D33 Diy [ o |
do, l R, D41 Dyy Dyz Dy l— %dsyJ

(10)
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For the stress control test, the deviator increment stress is given by Equation 11:
dq: dO_y' sz (11)

Equation 10 is modified by Equation 11 in the first and second lines, and the relationship increment between the
stress and strain is obtained. Moreover, another equation for the stress increment after the strain can be calculated as
follows:

dq+(Ry—Ryx)

I T I T
—3D21+ D22—3D24+5D11—-D12+5D14)

de,- X (12)

Owing to the undrained condition, the assumption is given in Equation 13, and the general equation is changed to
Equation 14:

doyy = dey, = 0and doy= do.= 0 (13)

0 [RX] Dyy Di; Dyz Dy [déx
do, + Dy; Dy, Dy Doyl |de
0

ol |

= Y (14)
2.6. Simplified Stress-Based Approach

D3y D3; D3z Dsy 0

R,
Ry
R, Dyy Diz Dsz Dyyl lde,

The simplified method in this study collected data from boreholes at several locations, and the SPT interpretation
was the first screening to determine the soil layer. The corrected SPT blow count apparent sand equivalence was (N1)socs.
The correction factor was based on that used by Youd & Idriss (2001) [28]. All the empirical analysis were calculated
from the SPT, and the next step was to calculate the factor for stress reduction (rd) depending on the depth (z).

_ 1-0.4113z°%5+40.040522+0.0017532 %5
T 1-0.41772°540.0572921-5+0.0012122

rd

(15)

After obtaining the stress reduction factor (rd) from each layer, the effective vertical pressure (o,,") and total
vertical stress (o,,) were calculated. Thus, the cyclic stress ratio (CSR) was obtained by combining PGA with
acceleration max (amax) and gravity (g).

CSRu; ov = 0.65 2max 0. p4 (16)

g Ovo’/

The calculation of cyclic resistance ratio (CRR) is depend on the (N1)socs Of the SPT based on Idriss & Boulanger
[27], as follow:

L (N1)60cs WN1)eocsn2 _ ((N1)socsy3 W1)eocsy2
CRRwm=75; = exp ( a1 T ( 126 ) —( P )° + ( — )#-2.8) @an
The CRRm=7.5 means that the procedure for liquefaction from the empirical approach for an earthquake magnitude
of 7.5. The magnitude of the earthquake was calculated using the magnitude scaling factor for correction. In addition,
this question also considers the effective stress overburden under the 1 atm condition. Another CRR calculation in this
study was estimated using an equation related to Youd & Idriss (2001) [28]:

_ 1 (N1Dgocs 50
CRRM=75 = S D0es T 135 T [10(Vp)eore?a5F? (18)
The final value examine the safety factor (FS) from the CRR and CSR:
Fs=CRRm=75 (19)

CSR

2.7. Liquefaction Analysis Based on Probabilistic Approach

The probability assessment of liquefaction is conducted using the equation based on Juang et al. [44] which is
presented as follow:

1

PL = 1+exp(7.545 ( FS—0.952))

(20)

After calculating the empirical method to examine the probability of liquefaction, the value of PL is based on the
described conditions. The range of the PL definitions area is presented in Table 2.
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Table 2. Liquefaction classifications assigned according to the possibility of liquefaction [45]

Grade Liquefaction probability Description
1 PL<0.15 Nearly certain that its non-liquefaction
2 0.15<PL<0.35 Unlikely to experience liquefaction
3 0.35<PL<0.65 There is an equal chance of liquefaction and non-liquefaction.
4 0.65<PL<0.85 Most likely that it will eventually liquefy
5 PL>0.85 Nearly certain to liquefy

3. Results and Discussion

Following the research flowchart in Figure 3, the outputs for each stage of the study areas follow.

3.1. Numerical Analysis for CXT and CSS

The 220 soil samples were simulated using the LIQCA constitutive model for the element simulation of the CXT
and CSS. One of the Kretek Bridge Project Yogyakarta simulation results for BH12 is shown in Figure 4 for the CSS
and Figure 5 for the CXT. In the CXT, the criterion for liquefaction was the occurrence of a double-amplitude shear
strain of 5% (DA5%) and a double-amplitude strain of 7.5% (yDA = 7:5%) in the CSS and confining pressure was
applied for 6’ = 2/3 x overburden pressure in-situ for all tests [46, 47].
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Figure 4. Cyclic simple shear result (CSS) element simulation
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Figure 5. Cyclic triaxial result (CXT) element simulation

As shown in Figures 4 and 5, the output from the CXT and CSS requires a different approach because of the primary
load parameters and matrix simulations with the stress ratio test. The stress ratio was used because Arriaga & Green
[34] noted that the strain-based approach produces less precise predictions than stress-based methods. Although the two
cyclic tests produced the CRR, the CSS simulations presented the shear strain output, whereas CXT was an axial strain
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in correlation with the applied shear stress. This is because CXT creates an approach that represents the three-
dimensional stress state, whereas CSS uses horizontal shear stress with vertical stress under constant conditions. The
two methods have limitations in representing field sample situations; specific soil types and engineering interventions
are necessary to better understand cyclic soil behavior.

The output of the liquefaction strength ratio based on the simulation of the CSS ranged between 0.09 to 0.28 in the
Lombok and Yogyakarta areas, whereas Palu was 0.07 to 0.28. Furthermore, for CXT result simulation for Lombok,
Yogyakarta, and Palu areas, the output ranged between 0.26-0.48, 0.23-0.48, and 0.26-0.48, respectively. It is suitable
for Nong et al. [48], who was discovered that the liquefaction resistance in CXT was consistently greater than that in
CSS. Moreover, the result of liquefaction strength from the Palu site is consistent with Artati et al. [49], who reported
the value is approximately 0.26 with various densities. For the Yogyakarta area, the research shows a suitable output,
which agrees with Mase et al. [42], with the Prambanan temple in the Yogyakarta area having a range liquefaction ratio
of 0.34-0.46.

The relationship between CXT and CSS in all areas is shown in Figure 6. There was a strong correlation between
CXT and CSS, with the Pearson correlation coefficient reaching 0.7168. Thus, the connection between the two-sample
data was satisfactory. However, the value of liquefaction is not equal for every sample because simple shear and triaxial
tests perform shear stress evaluations on various planes. During the CXT, shear stresses were assessed on the plane at a
45° angle from the horizontal and vertical planes. A simple torsional shear test was conducted on a horizontal plane.
Although the simulation was based on a constitutive soil model approach, a similar trend was observed for the Japanese
soil liquefaction ratio [36].
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Figure 6. Comparison of liquefaction ratio between cyclic simple shear and cyclic triaxial

3.2. Empirical Method Based on Deterministic Approach and Element Result Simulation

The liquefaction strength ratio was calculated from the empirical method using ay deterministic approach based on
Idriss & Boulanger (2008) [27] and Youd & Idriss (2001) [28]. Furthermore, to expand the assessment, the liquefaction
ratio from the constitutive soil approach through a cyclic test simulation was combined with an empirical analysis. All
results are depicted in Figure 7.

Based on Figure 7, the correlation between the CRR and SPT Value correction (N1)socs tended to be similar for
all approaches. Idriss & Boulanger [50] offered the same the correlation. The calculation results for all locations
show a strong relationship between the empirical calculations and (N1)socs. The Pearson correlation was higher than
that of the constitutive soil approach (CXT and CSS), although all the result had a value greater than 0.6. This is
because the empirical method is predicted directly by the SPT correlation, whereas CXT and CSS require more
specific data to predict the behavior of soil elements. The relative density is a determinant of the normalized curves,
which increase as the density increases [51]. However, slightly different conditions are shown in Location 7 in Figure
7-g, which has the most data from all projects (40 soil sample simulations). The value of the Pearson correlation is
in a narrow range from all categories, namely 0.63-0.79. The minimum value of the empirical correlation (Idris-
Boulanger simplified) was also predicted at this location at 0.79. Contrastingly, the minimum data of soil simulation
provides a higher Pearson correlation at Locations 9 and 10 in Figures 7-i and 7-j, although the differences in the soil
sample are not too large. Thus, at significant number of sample data influenced the performance of both correlations
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in the empirical and simulation methods. However, the constitutive model performs the relatively stable Pearson
correlation with a range of 0.61-0.69, excluding Locations 9 and 10 in Figures 7-i and 7-j during the empirical offers
more fluctuating data because all data trendline in this research uses linear regression. However, the initial empirical

equation is exponential.
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Figure 7. Liquefaction strength ratio (a) Location 1, (b) Location 2, (c) Location 3, (d) Location 4, (e) Location 5, (f)
Location 6, (g) Location 7, (h) Location 8, (i) Location 9, (j) Location 10

The correlation between the corrected SPT value and liquefaction ratio was also shown by Boulanger & Idriss [52]
and Chen et al. [53]. Although the SPT data were utilized until the great value reached (N1)60cs = 40, and considering
the PL, the specified region in Indonesia is not mentioned. As previously mentioned, this research only focuses on SPT
under 20 with actual Indonesian site investigations. Although Location 9 provided the minimum dataset for correlation,
it did not generate the maximum substantial value for the Pearson correlation. In contrast, a stronger correlation was
found between Location 10 and a higher number of soil samples. Hence, it is not strongly suggested that an increased
number of soil properties directly decrease the correlation, although all correlations only generate Pearson correlations
of>0.6. This suggests that a considerable number of soil properties and a case history of Indonesia should be gathered
to obtain a satisfactory correlation.

The study implements Pearson’s correlation to evaluate the methods; however, the correlation tends to decrease as
the volume of data increases. Statistical tests become more sensitive to minor effects as sample size increases. This
enhanced sensitivity can facilitate the identification of correlations that are less evident in smaller datasets [54]. The 220
data samples in the correlation with (N1)eo cs do not offer a strong relationship in linear regression; however, Oka et al.
[36] recommended that future research regarding the correlation with other parameters such as preloading history and
fines content is suggested to provide better results of soil cyclic behavior.

The slope of the liquefaction ratio in empirical exhibited narrow range between the two approaches for all locations.
In fact, the element simulation presented a slope slightly that was slightly more significant than the empirical slope
against the SPT value correction (N1)eocs. For the small (N1)socs conditions, the CSS provided an almost adequate ratio
among two empirical correlations in Location 7. The empirical value indicates a similar value between the two
approaches at all locations, excluding Location 9. The larger the (N1)socs iS, the more significant the gap between the
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criteria. This analysis used (N1)socs under 20 because Hanindya et al. [55] showed the possibility of liquefaction in Palu,
although this did not occur because of the rarity of liquefaction at depths exceeding approximately 20 m.

3.3. Peak Ground Acceleration (PGA) Threshold

FS calculations were conducted for various numbers of PGAs; the results are shown in Figure 8. The CXT simulation
exhibited the highest CRR. Consequently, all FS values for all PGAs in CXT had the highest output. In this analysis,
the minimum FS required is 1.00 because, according to Bhutani & Naval [56], FS values greater than one indicate that
soil resistance to liquefaction overcomes the stress imposed by an earthquake, and consequently, soil failure is not
anticipated. The increased FS in this approach implies that the soil is more resistant to failure. However, the empirical
method slightly overestimated the liquefaction prediction. The FS performance at all locations exhibited the lowest

liquefaction prediction.
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The entire location shows that the PGA ranges from 0.5 to 1.0 (g), and the curve depicts the asymptotes output. The
empirical approach shows the narrow range of FS through the differences in PGA, whereas the element simulation
provides more significant range differences, which means that the empirical method always generates more conservative
results, although it provides an overestimated design for the structure at once. The significant gap output in the elemental
simulation ranges from 0.1 to 0.3 g in every action (blue and red circle mark); the engineer must consider a specific
PGA value to produce the optimal estimation. The marks in different colors indicate the minimum and maximum
threshold of the PGA with FS=1. A summary of the ranges between the minimum and maximum border of the FS against

the PGA for all locations is presented in Table 3.

Table 3. PGA consideration

Area Minimum PGA range(g) Maximum PGA range (g)
Lombok 0.1 0.42-0.45
Yogyakarta 0.1-0.12 0.4-0.45
Palu 0.1-0.15 0.35-0.40

In general, minimum liquefaction occurs at a PGA of 1.5 g, which is the minimum threshold of the Japanese design
codes. This study shows that the empirical methods produce a PGA range of approximately 0.1-0.15 g to obtain the FS
value at 1.0. For a PGA of 0.1 g, all locations depicted the FS from CXT results approximately five times greater than
the approach of Idriss & Boulanger [27]; in comparison with Youd & Idriss (2001) [28], the differences were slightly
lower. This difference gradually declines until it is asymptotic, and the FS from the CXT output tends to decrease
dramatically until the PGA is approximately 0.35g. These conditions indicated conservative results from the empirical
method for low PGA values. Although the suggested turning value is in PGA of approximately 0.35¢, Filali & Shartai
[57] suggested a nonlinear dynamic method to verify the liquefaction analysis with PGA conditions exceeding 0.3g.
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According to Table 3, the minimum value of PGA from all locations (empirical Idriss-Boulanger) is in the range of
0.1-0.15 g PGA. The calculated FS is underestimated depending on a PGA consideration; in another research location
(excluding Indonesia), the soil model was determined to be secure from liquefaction, with a particular PGA value of
0.181t00.16 g [58, 59]. In addition, the value shown in the constitutive model in the element simulation (CXT simulation)
is higher, with a range of 0.35-0.45 g, whereas the probability of liquefaction was 65-85% for the PGA range of 0.6—
0.75 g. The CXT and CSS simulations provided adequate performance compared with the empirical method for all
locations. An undercalculated FS leads to an overestimated design to prevent the liquefaction effect, which results in
high costs and overestimation [59].

The soil profiles of Indonesian regions frequently vary and are complex, consisting of alternating layers of organic
substances, clay, and sediment. This heterogeneity presents a challenge in accurately estimating the PL using a simplified
method [60]. Moreover, the accuracy of PL estimates may be affected by the absence of comprehensive region-specific
geotechnical information for many areas in Indonesia. However, this information can be acquired by employing
methodologies developed for other geological conditions. A simple standard for soil liquefaction vulnerability in
Indonesia does not fully cover the complexity of liquefaction assessment. This study only considered cyclic soil elements
as an alternative, and other methods, such as nonlinear dynamic analysis, can also be used for extensive liquefaction
assessment [57].

A variant PGA value was calculated to determine the PGA threshold for liquefaction. In Christchurch, liquefaction
occurred during the 2010-2011 Canterbury earthquake sequence, with a maximal acceleration of approximately 0.08 g
[61]. Limited liquefaction was observed in Italy following the 2009 L'Aquila earthquake [62], with an estimated PGA
of 0.065g on the outcropping bedrock. Hence, because the history and recommendations of past research show different
PGA thresholds, it is crucial to consider the site-specific characteristics of intense ground motions and soil properties to
make a valid assessment of liquefaction regarding potential future large earthquakes [63].

3.4. Validation Data for Specific Area Based on Probabilistic Calculations

The range of PGA in the FS calculation variants leads to a critical value for the liquefaction potential in several
approaches. Moreover, the deterministic approach uses FS as the dependent value for assessing site condition. In
contrast, the probabilistic approach offers site conditions predicted in different ranges. A specific description of the PL
is provided in Table 2. The equal chance situation between the non-liquefaction and liquefaction conditions is at the
border or PL 0.65, which indicates the threshold condition of the liquefaction potential effect. As a validation assessment
through deterministic analyses that depend on the PGA recommendation threshold, a probabilistic calculation was
conducted to compare the liquefaction potential with the maximum PGA recommendations in Table 3. The output of
the data distribution is shown in Figure 9.

As the variable mentioned in the methodology section, the area has the specific PGA value from the Indonesia
Hazard map, namely 0.3-0.46g for the Lombok area, 0.46¢g for the Yogyakarta area, and 0.6g for Palu. In contrast, the
PGA threshold recommendation in Table 3 reaches a maximum of 0.4-0.45 g. This implies that the Yogyakarta area is
almost exactly at the border of the PGA, the Lombok area is under the PGA recommendation, and the Palu area is above
the threshold.

As shown in Figure 9, soil sample data with a PL value under 0.65, which means that they were unlikely to experience
liquefaction, were examined in the Lombok, Yogyakarta, and Palu areas. In the Lombok area, 43% of data had PL
value< 0.65. The liquefaction ratio was dominated by CXT, CSS, and Youd & Idriss (2001) [28]; only 5% of Idris &
Boulanger's [27] calculations had a PL of less than 0.65. Contrastingly, in the Yogyakarta area, the PL under 0.65 reaches
33.3%, with CXT and CSS in large percentages, and Youd & Idriss (2001) [28] calculation in 8.3%. Regarding the Palu
area, the PL <0.65 only obtained 6.8% of the CXT simulation. This means that smaller inputs of PGA, CXT, and CSS
play a significant role in determining the threshold of maximum acceleration, which leads to safe conditions. The
minimum value of the PGA provides a large gap between the empirical method and the CXT and CSS simulations. The
condition of the PGA under the recommendation shows that the element simulation can achieve almost half of the data
for safe conditions. These circumstances indicate the overestimation of the empirical approach in liquefaction potential
prediction. Thus, following Franke et al. [64], in regions that have slight to moderate seismic activity, a more precise
probabilistic seismic hazard analysis can assist in minimizing overestimation for soil liquefaction analysis. This
necessitates a more accurate assessment of seismic impacts in accordance with site conditions.

The output provides an overestimation of the simplified method for assessing liquefaction in a particular PGA range.
According to Moller et al. [43], various liquefaction approaches overestimate soil resistance under large-amplitude
dynamic loading while underestimating its strength during low-amplitude loading. Furthermore, as with other semi-
empirical methodologies, the Idriss & Boulanger [27] approach is deliberately conservative in accommodating
uncertainties in actual conditions and variations in soil characteristics. The cyclic resistance of all soil types may not
always be accurately represented by these correlations, which may generate a conservative calculation [65-67].
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Figure 9. Liquefaction probabilistic calculation output (a) Lombok area (b) Yogyakarta area (c) Palu area

This study utilized a validation range with a probabilistic approach because this method provides a greater chance
of the data validation than deterministic analysis in Bangladesh [65]. Although the result shows that PGA of 0.45 gives
the maximum threshold of liquefaction potential analysis between empirical and element simulations, another
complicated relationship between local geological, hydrogeological, and geotechnical characteristics should be
determined to comprehend variations in liquefaction at varying depths and locations [69]. Hence, the general
recommendation from this research is expected to provide an ideal proposal for determining liquefaction ratios from
laboratory data based on cyclic tests or element simulations to prevent the overestimation of the empirical method.
Although the simplified method is convenient and applicable in engineering practice, the Indonesian standard of
geotechnical assessments should consider soil sample data to comprehensively assess liquefaction.

4. Conclusion

This study used a soil element simulation based on LIQCA to obtain the liquefaction ratios in the CXT and CSS. In
addition, the empirical methods of Idriss & Boulanger (2008) [27] and Youd & Idriss (2001) [28] were used to combine
the CXT and CSS. A statistically significant correlation was observed between CXT and CSS. This research shows a
strong connection between (N1)socs and the strength ratio. Although CXT offers the highest liquefaction strength ratio in
all methods, the Pearson correlation range is not sufficient, with 0.6-0.88. Furthermore, the more data collected, the
more negligible the Pearson correlation in the empirical method of Idriss & Boulanger's (2008) [27], despite providing
the satisfactory data distribution almost constantly in all locations. In the low N SPT value, the range between the CSS
and empirical is narrower than that in the more considerable condition. Both the CXT and CSS empirical calculations
show the various values of the strength-based approaches used in liquefaction assessments.
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In the deterministic approach, the FS was obtained from the various simulations of the threshold of these parameters.
Various minimum PGAs are obtained with FS=1 in the empirical method, whereas CXT plays a significant role in the
maximum PGA with the same FS value. The maximum recommendation range is 0.350—0.45 g, while the minimum is
0.1-0.15 g from empirical approaches. This indicates an overestimation by the empirical method. In addition, the
probabilistic approach proves that the PL with a 0.65 threshold of the PGA under the recommendation threshold reaches
43% of the data distribution in the safe condition. Hence, combining cyclic tests and empirical methods produces a
comprehensive and optimal target for analyzing liquefaction vulnerability in Indonesia.
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