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ABSTRACT

The Semarang city is the capital of the Central Java Province that is experiencing rapid urban growth. Land subsid-
ence in Semarang has been widely reported and its impacts can be seen already in daily life. In order to minimize
its damage, land subsidence monitoring is required as a part of natural disaster mitigation. On the other hand, un-
derstanding of the subsurface lithology conditions is needed to explore the causes of subsidence in certain areas.
One of the methods of monitoring land subsidence is by utilizing Synthetic Aperture Radar (SAR) satellite image
which is used in this research. In turn, the subsurface lithology can be studied with the geoelectric methods, one
of which is the resistivity method. The purpose of this research is to estimate the land subsidence in the Semarang
city using the Sentinel Image Analysis by means of the DInSAR Method and its relation with subsurface lithol-
ogy studied using the resistivity geoelectric method. The result of the research shows that the average value of
subsidence was located in the Genuk District area and Semarang Utara District area which each subsidence value
is 9.8 cm/year and 12.7 cm/year. This is because the lithology under the surface of the two locations is clay and
silt in a soft condition that is thicker than other locations. The saltwater content contributes to the consolidation
process in the lithology. There is a tendency that land subsidence is greater in the port and industrial areas than in
other regions, due to building loads.
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INTRODUCTION

Land subsidence is a geohazard that is char-
acterized by relatively slow ground-level low-
ering or sudden, the rapid sinking of discrete
segments of the ground surface [Galloway and
Burbey, 2011]. Thus, it is basically a deformation
of the land surface vertically downward to the
high reference plane. Land subsidence is gener-
ated by numerous mechanical processes, includ-
ing the processes of filtration consolidation and
soft soils creeps, related to the changes in the
hydrodynamic conditions of the aquifer complex
due to groundwater extraction [Phi et al., 2015].

Other researchers stated that phenomenon can be
caused by several natural factors, such as sedi-
ment compaction or non-natural ones, such as
excessive groundwater extraction and increased
development in the coastal areas for economic,
tourism, residential, industrial and commercial
purpose [Marfai and King, 2008; Nguyen, 2016].
Geological processes such as volcanic and tec-
tonic activities, recrystallization, and compacting
are natural subsidence [Reddish and Whittaker,
1989]. Land subsidence can be caused several
problems, such as building structure damage,
increased seawater intrusion, and an increase in
flood areas [Marfai and King, 2008; Gumilar et
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al., 2013].The occurrences of land subsidence
have been reported in many countries such as
Spain, India, Mexico, the USA, Italy, and China
[Huang et al., 2012]. In Indonesia, land subsid-
ence has occurred in several coastal cities such
as in Jakarta [Ng et al., 2012; Abidin et al., 2015],
Semarang [Marfai and King. 2008; Abidin et
al., 2009; Kubis et al., 2011; Abidin et al., 2011],
Bandung [Gumilar et al., 2015], and Surabaya
[Aanjasmara et al., 2020].

The Semarang city is the capital of the Cen-
tral Java province, which is located at the north-
ern coast of Central Java Figure 1). The coastal
area of the Semarang City is part of the northern
coast plains of Central Java which has a very flat
morphology with an average slope of less than 2°.
Geologically, this area is covered by the Kaliga-
rang deltaic alluvium sediment consisting of clay,
silt, and sand to a depth of 80 m [Thanden et al.,
1996]. This city has experienced land subsidence,
which disrupts activities [Marfai and King, 2008;
Abidin et al., 2012].

One of efforts to mitigate the negative im-
pact of land subsidence in the Semarang City is
continuous monitoring. To date, land subsidence
can be assessed quickly and cheaply using radar
technology. One of the radar technologies that
can be used in monitoring subsidence is DInSAR
(Differential Interferometric Synthetic Aperture
Radar). InSAR has given rise to the new meth-
ods of measureing movement on the Earth sur-
face with the precision of a few mm [Fyksten and
Nilfouroushan, 2019]. Observation of subsidence
using the DInSAR using SAR Sentinel 1A im-
ages is a low cost method, since the images can
be downloaded free of charge and the image pro-
cessing is done by using the open source SNAP
software. The results of SAR Sentinel 1A image
processing can present the spatial patterns of the
rates of land subsidence in the Semarang city.

As stated in [Nguyen, 2016], sediment com-
paction has been identified to be one of the fac-
tors causing land subsidence, so that the rates of
land subsidences vary with the locations. There-
fore, the investigation of the subsurface lithol-
ogy conditions is needed to analyze the causes of
the land subsidence. The geoelectrical resistivity
method is one of the geophysical methods that
can be applied to recognize the subsurface lithol-
ogy conditions [Sikandar et al., 2009]. This anal-
ysis is important to be conducted in the Sema-
rang City since the previous studies [e.g., Marfai
and King. 2008; Abidin et al., 2009; Lubis et al.,
2011; Abidin et al., 2011] are mainly focused on
the monitoring of land subsidence by using vari-
ous methods without investigating its geologic
phenomena. In the present study, the monitoring
of land subsidence rate by using DinSAR method
was merged with the investigation of the subsur-
face lithology by using the geoelectrical resistiv-
ity method in the Semarang City. Firstly, the rela-
tion between land subsidence rate and subsurface
lithology in the Semarang City was found.

MATERIAL AND METHODS

Estimation of Land Subsidence Based on
Sentinel Image Analysis

The result of the image processing using the
DInSAR method is a deformation map which can
be interpreted as a map of land subsidence. The
flowchart of the DInSAR method is shown in
Figure 2. DInSAR processing was conducted fol-
lowing [Kurniawan and Anjasmara, 2016], which
is preceded by making the Single Look Complex
Interferogram by calculating the conjugation
complex form between the main image (master)
with the second image (slave).
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Figure 2. The Stages of the DInSAR

The next steps involved performing the
Base Line Coherence, the image matching pro-
cess, adaptive filtering, and coherence forma-
tion. Reflattening was conducted to flatten the
image into the projection field due to the in-
fluence of imaging to the side (side-looking).
The information on the interferogram is still
limited between 0 — 2I1, causing the ambiguity
problems. In order to overcome this ambiguity,
phase unwrapping was applied to determine
the absolute interferometric phase of the rela-
tive phase which is directly related to topog-
raphy and the deformation. Geocoding was
applied to bend all the elevation points to a
certain reference. Validation of the interpreta-
tion results was done by comparing the results
of measurements of the land subsidence rate
using GPS at BenchMark points conducted
by the Geological Agency, Ministry of Energy
and Mineral Resources of the Republic of In-
donesia. In this case, the intraclass correlation
coefficient (ICC) test was used with the cri-
teria that a variable that is measured by two

different measuring instruments, is declared
to have very good reliability, if it has an ICC
value > 0.75 [Zaki, 2017].

Interpretation Subsurface Lithology
by Geoelectrical Resistivity Method

A geoelectrical resistivity survey using ver-
tical electrical sounding (VES) was conducted
following [Sikandar et al., 2009; Onojasun and
Juliet, 2015; Reena and Murugan, 2017]. In this
survey, the electrode Schlumberger configura-
tion was used, with the distance electrode cur-
rent range (AB /2) 180 — 300 m and the potential
electrode distance 1 — 40 m. The geoelectric resis-
tivity measurement points are listed in Figure 4.
The measurement results of each point were pro-
cessed to obtain a vertical resistivity cross-section
which is then correlated to other points to obtain
the lithological cross-section. The lithology inter-
pretation was based on resistivity and concerning
overlay the cross-section resistivity to geotechni-
cal drilling data.
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Coefficient of Consolidation and Salinity of
Groundwater

The physical properties of the soil used as
a reference in this study are consolidation coef-
ficients which reflect the nature of changes in
volume and discharge from the soil pores caused
by the changes in vertical pressure. In this case,
the burden can be caused by the deposition of
sediment on it as well as the existence of vari-
ous buildings and infrastructure above the ground
level. A laboratory analysis of the consolidated
coefficients was carried out according to the
ASTM D2435 standard [Das, 2002] on the lithol-
ogy samples taken from the drill core.

In order to get the salinity of groundwater in
aquifers at depths of less than 60 m, the electrical
conductivity measurements were taken from the
well water samples. The degree of groundwater
salinity is based on the ad hoc saltwater intrusion
committee in Jakarta 1986 as listed in Table 1. On
the basis of this conductivity value, an iso con-
ductivity contour map was made, which shows
the distribution of the groundwater salinity level.

Table 1. Classification of groundwater salinity (The
Ad Hoc Salt Water Intrusion Committee in Jakarta
1986)

RESULT AND DISCUSSION

On the basis of the Sentinel Image data pro-
cessing in March 2017 and July 2019 with the
DInSAR method listed in Figure 3, it can be seen
that land subsidence in the coastal area of Sema-
rang City varies greatly starting from zero to a
reduced rate of 12.7 cm/year (white color). Land
subsidence for each sub-district on the coastal
area of the Semarang City is listed in Table 2.

Four areas were identified to have large land
subsidence compared to other regions, namely
around Terboyo, around Tanjung Emas Port, Ta-
nah Mas Housing Area, and Cipta Coast are shown
in pink and white (Figure 3 and Figure 4). The
area with the largest land subsidence (Figure 4) is
located around the Terboyo Industrial areas at the
Genuk District, which reaches 12.7 cm/year. In the
area around the Tanjung Emas Port and Village of
Tambak Lorok, land subsidence ranges from 2.1
to 9.8 cm/year. The land subsidence rates in the
Tanah Mas and surrounding areas in the Sema-
rang Utara District range from 5.1 to 9.3 cm/year,
while in the Cipta Coast, it ranges from 5.1 to
10.0 cm/year. Compared with the measurement
results using GPS as stated in Table 3, the land
subsidence estimation using the Sentinel image
analysis can be declared valid by ICC 0.95.

Water Cfr']zzt:t‘i:;'t Chioride The research on land subsidence in the Sema-
characteristics (uSiem) y content (mg/l) rang City with various methods shows varied val-
Froshwater <1.500 <500 ues, but g.enerally reaches more than 8 cm/year,
Rather brackish 1,500 — 5,000 | 500 - 2,000 as shown in Table 4.
Brackish water 5,000 — 15,000 | 2,000 - 5,000 In order to explain the variation of the rate of
Saltwater 15,000 - 50,000 | 5,000 — 19,000 land subsidence in Semarang City, a geoelectric
Brine (connate) > 50,000 > 19,000 resistivity survey was carried out at nine points
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Figure 3. Land subsidence in the coastal area of the Semarang City based on
the Sentinel Image Analysis (2017-2019) with DInSAR Method
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Table 2. The rate of land subsidence in the coastal
area of the Semarang City in the period of 2017-2019

. Average Minimum Maximum
District
(cm/year) | (cmlyear) (cml/year)
Semarang Barat -3.1 0.0 -6.1
Semarang Utara -5.4 -0.9 -9.8
Semarang Timur -5.0 -1.3 -8.8
Genuk -6.9 -1.2 -12.7

of vertical electrical sounding (VES) as shown
in Figure 4. The survey results are visualized
in a cross-section graph as shown in Figure 5.
Figure 5.a shows the VES pseudo cross-section
R1-R2-R3-R4- R5 by overlaying drilling data at
points R2, R4, and R5. Figure 5.b is the pseudo
cross-section of VES R6-R7-R8 with an overlay
of drilling data at point R7. In turn, Figure 5.c is
a VES R4-R9-R7 pseudo cross-section with over-
lay drilling data at points R4 and R7. The middle
layer that is between two dotted black lines has a
resistivity value of less than 3 Qm. On the basis
of the drilling data, this layer is a soft lithology
layer composed of clay, silt, clayey silt, and silty
clay which sometimes contains a little sand.

At VES points R2 (Cipta Coast), R4 (Tan-
jung Emas Harbor), and RS (Terboyo Industrial
Estate), it appears that the soft layers are thicker
than other areas and the location corresponds to
greater subsidence. The layer above it tends to
have greater resistivity and denser lithology, be-
cause it is composed of backfill material which
is compacted for roads, parking areas, and other
infrastructure.

The VES points R6, R7 and R9 have a much
thinner layer of soft lithology which corresponds
to smaller subsidence. The results of the soil
mechanics laboratory analysis also show that
the layer of clay and silt has a greater value of
the coefficient of consolidation (Cv) in the areas
with large land subsidence rate. At point R2 the
Cv value of the clay and silt layer ranges from
0.0015 — 0.0025 cm?/sec, at point R4 it ranges
from 0.0002 — 0.0004, at point RS it ranges from
0.0006 — 0.0009 cm?/sec . In the R7 area where
the surface subsidence is relatively small the clay
layer has a Cv of 0.00012 — 0.00014 cm?*/sec. Un-
der the soft layer, alluvial layers are still found
with a resistivity of 3 — 10 Qm which is silt, silt

Table 3. Estimation of land subsidence using the Sentinel image analysis and comparison with the measurement

results using GPS

) Land Subsidence (cm/year)
Point East North -
GPS Sentinel

1 433697 9229943 5.77 5.89
2 435485 9230954 3.50 3.34
3 434868 9230527 5.28 5.46
4 435731 9230038 8.51 8.62
5 434629 9229383 10.69 9.89
6 435719 9229303 0.47 5.49
7 435105 9231261 9.90 8.36
8 437136 9230440 3.50 3.77
9 437583 9231474 10.45 10.03
10 437942 9231918 3.50 3.10
11 438217 9231957 9.80 10.92
12 438215 9231470 10.45 10.80
13 438464 9229248 7.00 7.37
14 439857 9229941 7.00 6.67
15 440994 9228939 5.09 4.69
16 442496 9230815 5.09 4.75
17 442960 9231722 8.81 8.18
18 440693 9232628 8.58 8.51
19 440992 9230686 5.76 5.79
20 437161 9228864 4.02 3.77
21 439486 9229312 7.00 6.98
22 438870 9227356 5.09 4.40
23 434170 9229137 10.69 9.63
24 433697 9229943 9.90 9.89
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Table 4. Land Subsidence in the City of Semarang with Various Measurement Methods

No Method Observation period Submder;cezrr;a tes (cm/ Reference
1 SPN-SAR 2002-2006 1-10 Kuehn et al., 2009
2 INSAR 2007-2009 >8 Lubis et al., 2011
3 GPS 2008-2011 6-19 Abidin et al., 2012
4 GPS 2008-2011 11-19 Gumilar et al., 2013
5 DInSAR 2017-2019 0-12.7 This study

sand, and some gravel under denser conditions.
The lowest layer is sandstone which is part of the
tertiary rocks of the Damar Formation. This li-
thology was solid, compact, and hard.

The results of electrical conductivity (EC)
measurements to the groundwater from wells
that have a depth of less than 60 m depth are
depicted as groundwater electrical conductiv-
ity map. As shown in Figure 6, the distribution
of brackish groundwater with a value of EC
5000 — 10000 uS/cm spreads in the Terboyo, Tan-
jung Emas Port, and Cipta Coast areas that are ar-
eas with large land subsidence. The EC distribu-
tion pattern shows that the salinity of the ground-
water plays a role in increasing land subsidence.
These results are in accordance with [Sarah et al.,
2018] who state that the chloride ion content of
groundwater in clay is positively correlated with
its consolidation coefficient as shown in Figure 7.
Thus it can be stated that the greater land subsid-
ence rate towards the sea, the thicker soft layer
and also the greater Cv as a result of the ground-
water chloride content.

110°25'00"E

110°22'30"E

On the basis of the ground checking and plot-
ting on Google map shows that the location with
the large land subsidence corresponds to the in-
dustrial estate, port area, and housing as listed in
Figure 4. This is very possible because, for the
soils with different plasticity, the value of Cv
will vary greatly at different vertical consolida-
tion pressures [Sridharan and Naharaj, 2004].
The existence of buildings and infrastructure in-
crease the land load so that the process of land
compaction is faster than the natural conditions.
This compaction process has an impact on land
subsidence at the relevant location. This com-
paction process occurs naturally, because the
area is composed of alluvial deposits consisting
of clay and silt as described above. In the areas
with sandstone and conglomerates of the Damar
Formation in the southern part of Semarang City,
land subsidence is very small. This indicates that
the alluvial deposition process plays a major role
in the land subsidence process. Additionally, the
rate of land subsidence in the industrial area
which is greater than other regions is also caused
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Figure 4. Location with the largest land subsidence in the City of Semarang (R are the points of vertical
electrical sounding)
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Figure 7. Changes in the coefficient of consolidation (Cv) versus porewater salt concentration [Sarah et al., 2018]

by groundwater pumping that exceeds its aqui-
fer capacity [Kuehn et al., 2009; Abidin, 2012].
From 2003 to 2016, the declining groundwater
level in northern and eastern Semarang was up to
15 wt al. m, while in centre and west of Semarang
it was around 5 — 10 m [Pranto et al., 2017]. Land
subsidence in the areas with soft clay lithology
can be triggered by groundwater pumping which
makes the groundwater level drop [Hendarto and
Standing, 2019]. They stated that the subsidence
occurs due to the reduced pore pressures which
caused an increase the effective stress so that the
consolidation would occur in the very soft to soft
clay layers.

On the basis of the results of measurements
with various methods in space and time it was
shown that in general land subsidence in the city
of Semarang is still happening today. The impact
of land subsidence that can be seen is the emer-
gence of flooding due to the flow of seawater into
the mainland (called rob flooding by residents).

Although many efforts to raise the ground
floor of the building and road infrastructure have
been carried out to avoid rob flooding, it is not
certain that the problem can be solved in a long
time. The inundation of unoccupied houses great-
ly disturbs the beauty beside the potential for the
environmental sanitation and disease nests. In
order to conduct an environmental, building, and
infrastructure rehabilitation, a significant amount
of money must be spent, both by the government,
businesses, and residents. In this regard, the mon-
itoring of land subsidence must continue to be
carried out as an initial step in determining the
mitigation procedure.
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CONCLUSION

Land subsidence in the coastal area of Sema-
rang City is still ongoing until now with varying
rates of decline. The Sentinel image analysis for
monitoring land subsidence can be used quickly
and cheaply with good accuracy. In general, the
rate of land subsidence in the thick alluvial de-
posits on the beach is greater than those of the
thinner alluvial deposits in the southern part of
the Semarang City. These alluvial deposits are
composed of fine-grained sediments consisting
of clay, silt, clayey silt, and silt clay. In turn, the
areas with sandstone and conglomerates in the
hills generally the rate of land subsidence is very
low even close to zero. The port area and the in-
dustrial area in the coastal are the areas with a
greater rate of land subsidence compared to other
regions, reaching 9.8 cm/year in the Port of Tan-
jung Emas and 12.7 9.8 cm/year in the Terboyo
Industrial estate. The building loads in this area
are thought to increase the compaction rate of the
alluvial deposits below. Groundwater salty in the
coastal areas plays a role in increasing the rate of
land subsidence in the area.
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