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Abstract. The common phenomena during liquefaction are the lateral displacement and settlement of
saturated soil deposits. These phenomena have the potential damage to the toll road construction where this
research is taking place. Toll road projects in Mungkid and Candimulyo Districts, Central Java, Indonesia
must be evaluated for lateral displacement and settlement. The study area is located in volcanic deposits
originating from Mount Merapi and Merbabu, with shallow groundwater level in some location, and a
history big seismicity. PGA value at the research location was calculated using webpage application from
Lini Binamarga. This study aims to calculate liquefaction severity using LSI method, lateral spreading using
LDI method, and the ground settlement using reconsolidation settlement method with various moment
magnitude scenarios. LSI in Candimulyo and Mungkid District are 17.77 (low severity) and 9.68 (very low
severity), respectively. Candimulyo and Mungkid Districts experienced the greatest lateral spreading of 3.84
m and 1.87 m. Also, Candimulyo and Mungkid Districts have the largest settlement by 0.42 m in the
extensive damage category and 0.15 m in the medium damage category. Based on this assessment, it is
necessary to investigate the mitigation required to reduce lateral spreading and settlement caused by
liquefaction.

which caused damage along canals, buildings, and the
area of Gumbasa irrigation, was one of the lateral
spreading and flow slide events caused by liquefaction

1 Introduction

Ground movement and soil instability in the area hit by
earthquake's seismic waves can cause significant
damage. Earthquakes frequently cause liquefaction in
saturated loose sands. One of the most well-known
reasons for earthquake-related ground movement and
failure is liquefaction [1]. Following liquefaction during
earthquakes, the common geotechnical phenomena are
the settlement and lateral spreading of saturated soil
deposits [2]. These phenomena lead large soil
movement, inflicting extensive damage to underground
utilities, vital networks, and a variety of other subsurface
and surface infrastructure like buildings, toll roads,
bridges, embankments, dams, etc. It will occur due to
pore pressure exceeds the confining pressure during
seismic loading, resulting in quick loss of soil strength
[1].

Severe damage to any kind of structures has resulted
from lateral spreading, which occurs when soil liquefies,
causing the topsoil move downslope during seismic
shaking [3]. Most liquefaction-caused lateral spreading
happens on slopes with angles between 0.3 to 3, where
the ground formed of loose sand and the water level is
close to the surface [4]. The 2018 Palu Earthquake,
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that have occurred in Indonesia [5].

Seismic loading in saturated sand deposits increases
pore water pressures and leads the loss of soil strength.
The pore water pressures begin to dissipate
predominantly ~ towards the ground surface,
accompanied by a change in volume of the sand deposits
that manifests as settlements on the ground surface. Due
to the heterogeneity of the soil deposits, settlements are
rarely uniform called as differential settlements. It
causes the damage to infrastructure [6].

Evaluation of liquefaction potential has been carried
out in Yogyakarta — Bawen Toll Road in Section 1 and
Section 2 by [7] and Section 3 by [8]. This study before
focused to map liquefaction susceptibility in
Yogyakarta — Bawen Toll Road project using LPI
method by Iwasaki (1984) and LSI method by [9].
However, no research has been conducted on the
severity of liquefaction related to lateral displacement
and settlement on the Yogyakarta-Bawen toll road,
which runs through the Mungkid and Candimulyo
Districts. This research is required to mitigate the effects
of damage on toll construction caused by lateral

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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displacement and settlement. Figure 1 shows the map
location of this study.

Toll Road Location of
Mungkid and Candimulyo
District
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Figure 1. Toll Road Location of Mungkid and Candimulyo
District

This study aims to conduct liquefaction severity
analysis based on LSI method [9], calculate the lateral
spreading based on the method of LDI [10] [11], and
estimate the settlement that could occur as a result of
liquefaction [6] based on various scenarios of moment
magnitude.

2 Research Method

2.1 Research Data

This research focused on using SPT data and laboratory
test carried out on toll road projects in Mungkid and
Candimulyo Districts. This research was conducted to
analyze liquefaction severity induced lateral spreading
and settlement caused by reconsolidation. Information
about the condition of the soil layer was obtained
through drilling data with a minimum depth of 30 m and
a maximum depth of 44 m. Research data used are 94
drill holes but they are focused on locations where
lateral displacement and settlement might occur.
Figure 2 shows the location of the SPT data.
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Figure 2. SPT datain Mﬁngkid and Candimulyo District

2.2 Research area condition

Java Island, which located at the northern intersection of
two tectonic plates namely Indo-Australian and
Eurasian, has several faults tectonic as a stress form

accommodation generated by subduction in the southern
Java.

Seismicity in Java Island is dominated by
earthquakes related to subduction and faults on
mainland. Shear faults and reverse faults dominate
Java’s active geological features, while normal faults are
minor formations. Several known faults in Java are the
Cimandiri, Lembang, Semarang, Baribis-Citanduy,
Kendeng, Probolinggo, Pasuruan, and Opak faults. The
Opak Fault has become the focus of the Jogja and
Central Java regions since the 2006 big earthquake;
where this fault has a sinistral shear movement and has
a southwest-northeast direction [12]. Figure 3 shows
several active faults in Java that might affect on research
area.
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Figure 3. Java fault map [12]

This toll road project is located in Mungkid and
Candimulyo Districts. In the geological map of
Magelang and Semarang by [13] and the geological map
of Yogyakarta by [14], Mungkid and Candimulyo
Subdistricts are composed by Young Volcanic Rock
Unit of Merapi Volcano (Qmi) and Volcanic Rock Unit
of Merbabu Volcano (Qme). The formation of Young
Volcanic of Merapi Volcano consists of lava,
agglomerates, breccias, tuff, and ash. The formation of
Volcanic Deposits of Merbabu Volcano consists of
volcano breccia and lava (Figure 4). These deposits are
predominantly the result of volcanic eruption.
Therefore, they are comprised of loose and vulnerable
to liquefaction [15].
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Figure 4. Geological Map of research area (modified from

[13][14])
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2.3 Seismic hazard analysis

Referring to the webpage of the Lini Binamarga
application [16] designed by Directorate General of
Highways, a seismic hazard analysis was conducted.
This program is utilized to obtain the PGA in bedrock
and then it is necessary to apply the site coefficient in
order to obtain the corresponding PGA value at the
surface level [17]. The determination of site class in
conducted within a 30 m of layer thickness, utilizing
correlation derived from both SPT and laboratory test
data. Then, the determination of site coefficient is
contingent upon the classification of the site class.

Seismic hazard analysis was carried out using 4
major earthquake that ever occurred around research
area and the data was obtained from United States
Geological Survey (USGS) webpage [18]. From Figure
5, the biggest earthquake occurred on May 6" 2006 with
an Mw 6.3 (from Opak Fault) and then followed that the
earthquake occurred on June 9" 1992 with an Mw 6.1
(from megathrust on South part of Java). Figure 5 and
Table 1 presents earthquake history around the research
area.

EARTHQUAKE HISTORY MAR AROUND
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Figure 5. Earthquake History Map around research area
(modified from [18])

Table 1. History of largest earthquake in research area [ 18]

No Lat Long Year Mw Depth (km)
1 -7961 110446 2006 6.3 12.5
2 -8474 111.1 1992 6.1 63.9
3 -8503 110306 1985 5.7 58.9
4  -8291 109.794 2004 5.2 79.9

2.4 Evaluation of Liquefaction Potential

Evaluation of liquefaction potential was conducted
using SPT data and based on Simplified procedure by
Idriss and Boulanger [19]. The objection is to compare
Cyclic Resistance Ratio (CRR) and Cyclic Stress Ratio
(CSR). The evaluation was conducted to gain the safety
factor (FS).

CRR is a geotechnical and seismic engineering
static used to quantify the ability of soil or certain
granular materials to endure cylics loads during
earthquakes. CRR is derived from field-based SPT test
data. SPT data is then adjusted for parameters such as
sampling method and instruments utilized during
standard penetration test. N-SPT corrections are

calculated using equation (1-3), and then the CRR is
evaluated using equation (4)

(M)eo = N CnCrCpCrCs (D
(N1socs = (N1go + A(N1go 2

A(Ny)go = exp 1.63 +—— — (22 )2) 3)

FC+0.01 FC+0.01

_ (N1)6ocs (NDsocs ) > _
CRRy=75,0"pe=1 = eXp( 14.1 +( 126 )

(=) + (=)~ 28) @

Note: N,= NSPT value, Cy = correction factor of
overburden stress, Cg = correction of energy ratio, Cp=
correction of borehole diameter, Cr = correction of rod
length, dan Cs = correction factor of sampling.

The CSR value is the cylic stress that can produce
liquefaction during an earthquake. CSR value can be
calculated using an equation (5).

Amax Ov
CSRM=7,5,0",,C=1 = 0.65 T U_’v Tq (5)

Note: ajuqry= the ground surface peak ground
acceleration, g = the acceleration of gravity, o, = total
vertical stress, a',, = effective vertical stress, and 4 =
factor of stress reduction.

The factor of safety against liquefaction (FS) can
thus be calculated as the ratio of CRR to CSR, with both
CRR and CSR values corresponding to the design
earthquake magnitude and effective overburden stress.
The FS can be calculated using equation (6).

CRR,,_ oo
FS = —F80rem < (6)

CSRM=7,5,O',1;C=1

Note: F'S = the safety factor against liquefaction, CRR =
resistance factor against liquefaction, and CSR = shear
stress that trigger liquefaction.

2.5 Liquefaction Severity Index (LSI)

LSI can be used to classify the liquefaction severity in a
layer. [9] provide classifications and methods for
calculating the severity of liquefaction using the
equation (7-10).

LSI = fozo P.w(z).dz (7
P,(2) = @ for FS < 1,411 (8)
P, =0 for FS > 1,411 9)
w(z) =10 — 0,5z (10)

Note: Pi(z) = liquefaction probability, w(z) = depth
weight function (<20 m), and z = depth (< 20 m). LSI
also have a quantitative value from 0 to 100. However,
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for the qualitative classification of liquefaction
probability, LSI is more specific and divided into six
categories (Table 2).

Table 2. LSI classification [8]

Liquefaction
LSI geverity
85 <Ls <100 Very High
65 <Ls<85 High
35<Ls<65 Moderate
15<Ls<35 Low
0<Ls<l15 Very Low
Ls=0 No liq

2.6 Lateral Displacement Index (LDI)

LDI can be used to determine the lateral displacement
by integrating the ymax value with depth. [10] developed
an equation for estimating lateral displacements
resulting from liquefaction using SPT and CPT data.
This method employs data on liquefaction cases
resulting from past earthquakes that also induced lateral
displacements.

One crucial aspect in the estimation of lateral
spreading displacements involves the consideration of
site heterogeneity, particularly in intricate depositional
settings or when there is a scarcity of site
characterization data. The relationship between the
depth-dependent variation of maximum shear strains
and their manifestation as lateral spreading
displacements at the ground surface is also a significant
factor to consider.

LDI can be determined using the equation (11-14)
below.

3
YViim = 1.859 (1.1 - /%) >0 (11)

F, = 0.032 + 0.69¢(NDgoes — 0.13(Ny)eoes  (12)

FSlig—Fa

Yimax = Min <y“m ,0.035(2 — anq)( 1Py )) (13)

LDI = [ Yoy .dz (14)
Note: Zmnax = maximum depth below all the potential
liquefiable layers with a calculated FS < 2, ymax =
maximum shear strain, dz = layer thickness, Yim =
limiting shear strain, F, = additional parameter of safety,
and F'Siiq = FS against liquefaction. Equation (13) can be
used if 2 > FSj; > F,, due to FSj, > 2 then Ymax = 0.
Equation (12) can be used if Ymax =7iim.

2.7 Post-Liquefaction Reconsolidation
Settlement

Evaluation of post-liquefaction reconsolidation
settlement can be determined by converting vertical
stress to volumetric strain and integrating over a depth
interval [6]. The equation below is used to calculate

liquefaction reconsolidation settlement based on SPT
data (15-16).

&, = 1.5 exp(—0.369,/ (N 6ocs )- min(0.08¥,q,) (15)

Soo1p = Jy " e, (16)
Note: S, = settlement for one dimensional consolidation,
&, = volumetric strain, Ymax = maximum shear strain, and
(N1)6oes = (N1)eo value corrected with clean sands. The
correlation between damage extent and settlements is
classified into 3 categories as shown in Table 3 below.

Table 3. Correlation between damage and settlements [6]

Settlement Extent of Phenomena on
(cm) damage ground surface
0-10 Light to Minor cracks
no damage
Medium Small cracks, oozing
10 -30
damage of sand
. Large cracks, large
30-70 Extensive offsets, lateral
damage
movement

3 Results dan Discussion

The geotechnical and geological investigation carried
out based on SPT data in Mungkid and Candimulyo
District reveals predominant soil types in these areas
consist of sandt and silty compositions.

In the southern and central part of Mungkid District,
the lithology at a depth of 0 — 12 m is dominated by
sandy silt with a medium to stiff consistency and at a
depth of 13 — 20 m is dominated by silty sand with dense
consistency. In the northern and central part of
Candimulyo District, the lithology at a depth of 0 — 10
m is dominated by sandy silt and gravelly sand with
medium consistency and at a depth of 11 — 20 m is
dominated by gravel with high density.

3.1 Result of seismic hazard analysis

As stated in Table 1, the estimate of liquefaction
potential was conducted utilizing historical magnitudes
that have ever occurred in and around Yogyakarta. The
PGA determination using webpage application of Lini
Binamarga is described in Table 4.

Table 4. PGA in the research area

SPT ID Csli;:s PGA  Frs: PGAm
BH-07 SD 028 124 035
BH-08 SD 028 124 035
BH-83 SE 027 136 036
BH-84 SE 027 136 036

According to the calculation of PGA, it was found
that the maximum PGA value is 0.36 in BH-83 and BH-
43 while in BH-07 and BH-08 the PGA value is 0.35.
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This is due to the fact that site class on BH-83 and BH-
84 is a soft soil (SE) so that the site coefficient is
relatively larger.

Based on this evaluation of liquefaction potential,
the value of lateral spreading and settlement for these 4
data can be determined due to the calculated value for
that lateral spreading and settlement are obtained from
the correction of the (N;)socs value.

3.2 Safety Factor against Liquefaction

Based on preliminary study and the study that has been
carried out before [8], the liquefied layer on BH-07 is at
depth of 8 and 12 m with FS value of 0.43 and 0.48. The
liquefied layer on BH-08 is at depth 12 to 14 m with FS
value of 0.93 and 0.85. The liquefied layer on BH-83 is
at depth 8 to 14 m with FS value of 0.5 — 0.71. The
liquefied layer on BH-84 is at depth 10 to 14 m with FS
value of 0.46 — 0.68. The liquefied layer with FS value
less than 1 are dominated by silty sand and contained
SPT value less than 20. In the advanced research stage,
the author then studied the liquefaction severity, the
lateral spreading caused by liquefaction, and the
reconsolidation settlement in the research area using
various earthquake moment magnitude scenarios, as
shown in Table 1.

3.3 Result of LSI

LSI value was calculated using equation (7) based on 4
scenarios of the biggest moment magnitude that has ever
occured in the area of Yogyakarta, Central Java, and
around research location.

In scenario 1, the highest LSI value is 17.77 on BH-
84 in low category and the lowest LSI value is 4.84 on
BH-08 in very low category. In scenario 2, the highest
LSI value is 17.73 on BH-84 in low category, and the
lowest LSI value is 4.26 on BH-08 in very low category.
In Scenario 3 and 4, the highest LSI value is 17.63 and
17.46 on BH-84 in low category and the lowest LSI
values are 2.96 and 1.82 on BH-08 in very low category.
According to the scenario’s findings, the severity of the
liquefaction is directly proportional to the magnitude
value of the earthquake. Table 5 summarizes the results
of LSI value based on four scenarios of moment
magnitude.

Table 5. Recapitulation of LSI
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Figure 6.LSI map in research area

3.4 Result of LDI

LDI value was calculated using equation (14). The
vertical displacement at BH-08 will increase from 0.09
to 0.38 m along with the increase of Mw scenario value,
while the other result of BH-07, BH-83, and BH-84 has
no effect due to maximum shear strain obtained from
earthquake is less than limiting shear strain. Table 6
summarizes the results of LDI in four boreholes based
on four scenarios of moment magnitude.

Table 6. Recapitulation of LDI

LDI (m)
Bore ID
Mwé6.3 Mwé6.1l MwS57 Mwb).2
BH-07 1.87 1.87 1.87 1.87

BH-08 0.38 0.28 0.18 0.09
BH-83 3.84 3.84 3.84 3.84
BH-84 2.74 2.74 2.74 2.74

LSI
Bore ID
Mwé6.3 Mwé6.1 Mwb57 Mwb?i.2
BH-07 9.68 9.63 9.51 9.30
BH-08 4.84 4.26 2.96 1.82

BH-83 17.77 17.73 17.63 17.46
BH-84 11.73 11.68 11.55 11.32

Figure 6 showed the map of LSI in research area
based on [8]

3.5 Result of Post-Liquefaction Settlement

Estimation of settlement was calculated using equation
(16). The settlement at BH-08 will increase from 0.03 m
to 0.1 m along with the increase of Mw scenario value,
while the result of BH-07, BH-83, and BH-84 has no
effect due to the volumetric strain and shear strain
obtained from earthquake is less than limiting shear
strain.

The damage category that occurred in BH-07 and
BH-84 was medium damage with the phenomena on
ground surface in the form small cracks and oozing of
sand. The damage category that occurred in BH-08 was
light to damage with the phenomena on ground surface
in the form minor cracks. Also, the damage category that
occurred in BH-83 was extensive damage with the
phenomena on ground surface in the form of large
cracks, lateral offsets, and lateral movement. Table 7
summarizes the results of settlement in four boreholes
based on four scenarios of moment magnitude.
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Table 7. Recapitulation of Settlement

Settlement (m)

Bore ID
Mwé6.3 Mwé6.1 Mwb57 Mwb).2

BH-07 0.15 0.15 0.15 0.15
BH-08 0.10 0.08 0.05 0.03
BH-83 0.42 0.42 0.42 0.42
BH-84 0.28 0.28 0.28 0.28

Figure 7 showed the map of damage related to
settlement based on [6].
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Figure 7. Settlement map in research area

4 Conclusions

The toll road projects in Mungkid and Candimulyo
Districts experienced liquefaction severity at several
location. This is due to the condition of research area
contain volcanic rock material which classify as sandy
and silty soil, some locations and borehole depths have
N-SPT values < 20, ground water level is shallower than
10 m, and has the history of big seismicity with Mw 6.3,
Mw 6.1, Mw 5.7, and Mw 5.2

Based on the evaluation of liquefaction severity,
there are 3 boreholes that have a very low LSI category
located in Candimulyo and Mungkid District and 1
borehole that has a low LSI category located in
Candimulyo District. Peak ground acceleration used in
this locations are 0.35 and 0.36 g. Candimulyo District
experienced the greatest lateral spreading of 3.84 m in
BH-83. Candimulyo District also seemed to have the
largest settlement by 0.42 m in the extensive damage
category. Mungkid District experienced the greatest
lateral spreading of 1.87 m in BH-07. And, also
Mungkid District seemed to have the largest settlement
by 0.15 m in the medium damage category.

To establish the impact of lateral spreading and
settlement on the structural stability of the toll road
construction, additional research is required. Then, to
secure the safety of toll road building, it is necessary to
evaluate the most suitable mitigation approach.

The authors are grateful to Directorate of Freeways,
Directorate General of Highway, Ministry of Public Work and
Housing for their support.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

A. A. Javadi, M. Rezania, and M. M. Nezhad,
Computers and Geotechnics 33, 222 (2006)

Y. Tsukamoto and K. Ishihara, Soils and
Foundations 50, 399 (2010)

T. L. Youd and D. M. Perkins, J. Geotech. Engrg.
Div. 104, 433 (1978)

Liquefaction of Soils During Earthquakes
(National Academies Press, Washington, D.C.,
1985), p. 19275

A. Pratama, T. F. Fathani, and . Satyarno, IOP
Conference Series: Earth and Environmental
Science 1091, (2022)

K. Ishihara and M. Yoshimine, Soils and
Foundations 32, 178 (1992)

P. Kevin and M. Muhrozi, Civil Engineering
Dimension 25, 29 (2023)

S. F. Purba, S. Ismanti, and A. F. Setiawan, E3S
Web Conf. 429, 04020 (2023)

H. Sonmez and C. Gokceoglu, Environmental
Geology 48, 81 (2005)

G. Zhang, P. K. Robertson, and R. W. 1.
Brachman, Journal of Geotechnical and
Geoenvironmental Engineering 130, 861 (2004)
M. Yoshimine, H. Nishizaki, K. Amano, and Y.
Hosono, Soil Dynamics and Earthquake
Engineering 26, 253 (2006)

Pusat Studi Gempa Nasional (Indonesia), Peta
Sumber Dan Bahaya Gempa Indonesia Tahun
2017, Cetakan pertama (Pusat Penelitian dan
Pengembangan Perumahan dan Permukiman,
Badan Penelitian dan Pengembangan,
Kementerian Pekerjaan Umum, Bandung, 2017)
R. E. Thanden, H. Sumadirdja, P. W. Richards, K.
Sutisna, and T. C. Amin, (1996)

W. Rahardjo, Sukandarrumidi, and H. M. D.
Rosidi, (2012)

T. W. Buana, M. W. A. N., and I. A. Sadisun,
(2016)

Directorate of Road and Bridge Engineering,
Indonesia Earthquake Source and Hazard Map
for Bridges (2017) Accesed: 01 Agustus 2023
https://lini.binamarga.pu.go.id/

National Standardization Agency, Earthquake
Resistance Planning Procedures for Building and
Non Building Structures (2019)

USGS, United States Geological Survey 2023
(2023) Accessed: 01 Agustus 2023
https://www.usgs.gov/

R. W. Boulanger and I. M. Idriss, Center for
Geotechnical Modeling 1 (2014)





