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MODELLING OF LAND SU BSIDENCE ALONG TANAH MAS -
PELABUHAN SECTION SEMARANG CITY USING FI NITE
ELEMENT METHOD

Dwi Sarah, Arifan J. Syahbana, R.Fajar Lubis and Asep Mulyono

ABSTRACT Land subsidence has been arBimulation results at selected section indicated that
apparent problem in the northern part of Semaraitige contribution of lowering groundwater table
city, Central Javawhich has caused enormousfactor accounts for less than 50% of total
physical and economical impacts. This aaie monitored subsidence. Meanwhile simulation
underlain by alluvium sediments of clay, silt, sandesults using application of external loading and
and gravel. The nature of the alluvium soil is soffowering of groundwater tableshowed better
and highly compressible which induces natureédgreement with the monitored subsidence
consolidation to occur. The lowering ofinformation of magnitude and fackcausing land
groundwater table due to exploitation and loads subsidence is important particularly for city
building aml earth fill accelerate the rate ofplanning purposes.

consolidation settlement. A study of land .
subsidence modeling was carried out in thKeywords.
northern part of Semarang city. Collection an

analysis of data on the geology, hydrology, soiA -
. . BSTRAK Amblesan tanah telah menjadi
properties and monitored settlements rave ermasalahan nyata yang dirasakan di daerah

conducted. Modeling of land subsidence involvelg Ut ] T h d telah
stress deformation analysis using finite eleme emarang ara, Jawa - lenga lan - tela
enimbulkan berbagai kerugian fisik dan

method. The settlements computed for select . X

section of the city of Semarang were compare onomis. ~ Geologi daergh Semarang_ . Utara
with measurements of settlement in the city areﬁjerupakan endapan' a_llluylal yang terdir atas
The simulationresults appear to be in reasonabl mpung, lanau dakerikil. Sifat endapan alluvium

good agreement with the measurement results. ang lunak dan kompresibel ~memudahkan

subsidence, consolidation, soil,
roundwater, external load, modeling, simulation.
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terjadinya proses konsolidasi secara alamiah.
Penurunan muka airtanah dan pembebanan akibat
bangunan dan tanah timbunan mempercepat laju
konsolidasi dan penurunan tanah. Pemodelan
amblean tanah telah dilakukan di daerah
Semarang Utara. Pengumpulan dan analisis data
geologi, hidrologi, sifat tanah dan pemantauan
penurunan tanah telah dilakukan. Pemodelan
amblesan tanah  dilakukan = menggunakan
pemodelantegangan deformasi dengan metod
elemen hingga. Hasil pemodelan penurunan tanah
pada lokasi penampang terpilih di Semarang
Utara kemudian dibandingkan dengan data
pemantauan penurunan tanah di daerah tersebut.
Hasil simulasi pemodelan menunjukkan hasil yang
mendekati data pemantauan penumnganah.
Hasil simulasi menunjukkan bahwa kontribusi
penurunan muka airtanah kurang dari 50% dari
total penurunan tanah yang terjadi, sementara
kombinasi aplikasi pembebanan permukaan dan
penurunan muka airtanah menunjukkan hasil yang
mendekati data pemauan penurunan tanah.
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Informasi besaran dan faktdaktor yang coastal region of Semarang. Consequently the
mempengaruhi terjadinya amblesan tanah pentingssociated economic costs of these impacts are
diketahui khususnya untuk kepentinganormous.

perencanaan wilayah kota. The Semarangcoastal plain is occupied by

Kata kunci : amblesan, konsolidasi, tanah,quaternary alluvial deposit consisting of alternating
airtanah, beban permukaan, pemodeldmudasi.  layers of sand, silty sand and soft clay with lenses

of gravels and volcanic sand (Thaden, 1975). The
INTRODUCTION geology of this area provides large potential of

roundwater. The occence of soft highly
causes the ground elevation to drop slowly andomprgs&_ble soil at the upper layer induces
nsolidation to occur. The decrease of

may lead to a disaster. It could occur as the resu N
y - : g oundwater level over years due to exploitation is
of human activities such as excessive groundwatgr

withdrawal, load of construction etc gralso due Expected 1o accelerate consolidation  process.
' . ) : Loads due to buildings and land reclamation over
to natural geological actions. Subsidence h

become a  significant roblem worldwidea%ﬁe compressible soils may also contribute to the
; S b 'settlement of this area. Stredsformation analysis
particularly in the urban areas, such Zakarta

(Abidin et al, 2008)Shanghai (Chai et al, 2004)’comblned with changing gr_oundwater Ie\{el and
surface loads was applied to obtain the
New Jersey (Sun et al, 1999), Bangk@ergado I . :

, . consolidation settlement. This paper aims to
et al,1988).Besides Jakarta, land subsidence i§,  ~. : . )
) elucidate the mechanismf subsidence in the

also known to occur in Semarang and Bandun X ,
rthern part of Semarang city. Numerical

i(A?r']d'n et'?l'l’ 2]9(2?; 'At‘b'?? et.aIIDZOQS )- Slematr%ngrt]odeling using finite element method was carried
> e capital of Lentral Java rrovince, located & o~ selected sections along Tanah Mas
the northern Coast of Java Island. Semarang ci .

. . elabuhan. These sections were selected as the
covers an area of 37B8knt with the population of | .~
1.43 milion people in 2006 Semarang Cit highlight to the area severely affected by
2'009] Semargngpcity has been experiegncingyl’aSé"bSidence' iRite element package Plaxis v.8.2
subsidence for more than 100 years with raxe laxis B.V, 1998) was used in this modeling.
varying spatially ranging from-8 cm/year up to Geological Setting of Study Area

9-15 cml/year (Abidin etal, 2010). Land

subsidence has caused damages to structurz ,e_north. Semara_ng area 1S a quat_ernary
increasing sea water intrusion, and regul#tuvial plain spreading eastest of elevation

occurrences of tidal flooding particularly in thel-5 above sea level (Figure 1).

Land subsidence is a geological hazard whic
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Figure 2. Engineering geological map of Semarang City (Tobing et.al, 2001)

Development of the alluvial deposit is controlled  coarse sand at somgaces, thickness-%

by tidal, deltaic and river environment. This 50m. This unit spreads around Garang River.
alluvial deposit changes gradually towards thed. Silty clay- clayey silt: alluvial deposit, soft to
south, as characterised by the hilly morphology at firm, mediumhigh plasticity. This unit is
the south. The young alluvium is characterised as found at the center of Semarang alluvial plain.
soft and higply compressible (coefficient of e. Base rock : sandstone, conglomerates (Damar
compressibility, ¢ of 7.5x10% to 1.8x10° cn/s). Formation) and marine deposit (Tertiary age).
The northern part of the Semarang area is covered

by Kali Garang deltaic alluvium up to a depth offheoretical aspect related to subsidence

80 to 100 m in the coastal area. Aquifers are found ) )

at depths rangingdém 30 to 80 m in this alluvium. According to the effective stress theory of
The engineering geological map of Semarang Cit‘{,er;aghl, the Qrawdown of plezometrlc level in an
(Figure 2) issued by the Directorate of EngineeringdUifer would increase the effective stress of the
Geology and Environment (Tobing et.al, 2001§°il layer as stated in the equation:

divides the Semarang area into units as the Ne 9 (1)

following:

a. Sand sandy silt : castal deposit, blackish, ynere s’ is the effective stress, is the total stress
very looseloose, well  sorted, high ang y is the pore water pressure . The increase in
permeability, thickness of-2 10 m. This unit \etica| effective stress D(s js)equal to the
spreads along the coast, cone penetration Hégative change of pore water pressuie (
15- > 150kg/ cri I . Du).When the poravater pressures are in excess of

b. Clayey silt sandy silt : swamp deposit, o jilinium boundary conditions, a consaliibn

blrow_ni_sh gr(ra]y,hvery soft SOf_tt;.l.IOWhiﬁ]h process is initiated. The change in pomater
pastlcmt/),_r ;]9 K corznlgreszsol Ht}ll"h' ow pressure can be comp-uted
permeability, thickness 215> 20m. This unit - yimensional consolidation theory:

is found along the coast. )
c. Sandy sik clayey silt : flood deposit, brown o= Qg 2)
grey, soft to firm, low to medium
permeability, intercalated with medium towhere ¢, is the coefficient of consolidation.
Settlement can thenbe estimated through
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He A £+ 2.
I:;owledge of the coefficient of volume changg, 04 = 2,23..2 ?:oﬁx exp Zszvqlle & (9)
i =0a4,Y,N 3 ” Q
0 ©) andy = ——71— (10)
Q ) +ﬁ
or in other term ad = ﬁo (4) orin the case
@ where:

_ ,_ owlog(t g

of normally consolidated claly = EETTe O(5) ¢, is vertical consolidation coefficient (¢fs)

Hg is the length of drainage
where :

s is the settlementH is the thickness of the Numerical modelling of subsidence

settlement layerD$ i st he i ncReecaciftion BffconsbliflaBon settlement using
effective stress,qds the initial void ratio, eis the  pjaxis 8.2 finite element package is based on the
final void_ ratio and ¢ is the coefficient of coupled consolidation theory by Biot (1955he
compression. analysis of consolidation involves two steps, the
Terzaghi consolidation theory analyses the pof&lculation of initial stresses including the
water distribution and then calculates thehydraulic stress and the second is calculation of
settlement of the soil deposit separately using tif@nsolidation settlement to dissipate excess pore
effective stress theory. Biot (1955) had a couplefater pressure. Analysis was carried out for
approach of consolidation settlement calculatiopélected swion along Tanah MasPelabuhan.
by adopting the displacement of porous media arfgomparison of consolidation settlement resultsf
pore water pressures as basaiables based on Were made with calculated results by Terzaghi

the interaction of pore water and porous medi@nalytical formula
(Lay et.al, 1995). The simplified basic equation folqj| stratification

The location and stratification of Tanah Mas
Pelabuhan section could be seen in Figurd=8r
analysis purpose, the-A6 section i s
distance into four sections: section K@0m),
section 2 (406800m), section 3 (860200 m),
section 4 (120@.700m).

The soil strata along the Tanah MRslabuhan
section consists of

one dimensional solution of the coupled
consolidation is.
w20 10 _
0% 1570 ©
"l 2N L1 204 h_
QWcixZermoJr_T o= 0 (7)
. . _ 1
in which— = T (8)
where :

G is shear modulus (kPa)

U, is the soil displacement in z direction (m)
p is the excess pore pressure (kPa)

k is permeability (m/s)

I is compressibility of pore water

" is Poisson ratio (dimensionless)

1 Clay, greybladk, very soft soft,plastic, N
SPT 29, g 1-10 kg/cnt

1 Sand, grey, fine, roundesub rounded loose,

N-SPT 35

Clayey silt, brown, firm, NSPT 1872

Conglomerates (weathered breccias), greenish

grey, hard, compact contains igneous rock

fragments.

E |

If a soil deposit of thickness H experiences

immediate loading ¢ , the consolidation
settlement could be expressed as :
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Besides the geometry and soil stratification, th%h .

; : ) ere:
modeling of subsidence requires parameters of the o
soil geotechnical propertiegroundwater level and E is Young elasticity modulus (MPa)

surface loads.

a. Geotechnical properties
The sandy clay layer parameters were obtainé$timated from RSPT value (Bowles, 1996) :

from geotechnical laboratory tests while the rest

were acquired from from

investigation report

onedimensional
Youngods
following equation:

land subsidenc% .
published by Direktorat™ © !
Geologi Tata Lingkungan (Tobing et.al, 2001).
The soil elasticity parameters used in the stress _

deformation analysis was calculated based on the 0.25+0.00255 (VO

consolidation

mo d u |

us

M is Poisson ratio
As for non cohesive soil, the elasticity modulus is

rati

test  resultSyyherey is Poissgn ratio an

wa s

comput

e

usi

a rstaatifiG@oon of Tanah MaRelabuhan (A
Mar sudi

(11)

E = 0.5 (NSPT+15) (MPa) (12)
sson
empirical formula from Wroth (1975)

o (3) for

(13)

d IP is plasticity index.
ng t h'e
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Poisson ratioy) for non cohesive soil is estimatedc. Surface loading

by empirical formula from Trautmann danS f loading i d h f loads of
Kulhawy (1987) : urface loading is assumed as the sum of loads o

buildings (house) and earth fills. Intensive earth
' = 0.1+ 0.3 (%&+ 250)/ (450 250) (14) filling activities were carried out starting frothe

year 1980, covering areas of PPRP, Tanah Mas,
Where’ is Poisson ratio andé®is effective Bandarharjo, Pelabuhan, Tambaklorog with
internal angle of friction. varying thickness of -b m (Marsudi, 2001).
Average earth fills thickness of 2.5 m was taken
®r this modeling. The load due to earthfill was
calculated as:

The summary of soil properties parameters a
presented in Tablé.

b. Groundwater level . = [ xQ(15)
Piezometric levels from Pelabuhan area were used Where :
in this modeling. Marsudi (2001) collected » iSthe overburden pressure (kPa)

groundwater levels of confined aquifer of this area [ is the unit weight of earth fills taken a6.8
from the year 1954996. Piezometric level  kN/m’

measurement by Direktorat Geologi Teknik during h is thickness of earthfills

year 2000 showed th#ite groundwater level had ~ Calculated overburden pressure due to earthfill
declined to-20 m (Tobing et.al, 2001). Graph of is 42 kN/nf.

piezometric levels from the year 1952 to the receft e |0ad of building is calculated based on the
measurement by Sudaryanto etal (2010) WaSyiddines for Loading of Buildings and Houses

plotted in Figure4. The graph was fitted with year 1987 (SKBIL.3.5.3.1987) by the Ministry of
polynomial series of fifth order. igure 5 showed ppjic Works.

that over 58 years the groundwater level had
declined as much as 32.5 m.

The load of building was determined as thdéollowing:

Tablel. Summary of soil geotechnical properties

Soil Unit Dry Young Poisson Permeability Effective Effective Coefficient Coefficient
type weight  unit Modulus ratio k (m/day) cohesion angle of of of

%) weight E (kPa) « c 0 ( kfriction compression consolidation

(kN/m®) 94 %§5°) ¢, (cnf/s) Ce

(kN/m®)
v\

Clay 12.78 16.87 984 0.33 2.16x10° 44.29 14.78 5.09x10 0.25
Sand  18.84 16.15 9000 0.3 0.864 1.0 19.54

Clayey 12.05 16.85 21600 0.35 8.64x10" 42.83 14.29 6.5«10* 0.19
silt

10 VETLEDRS 4 0,010 428557 T S4126x3- BE+07x + 3E+10
5 4 R =0,954
S
E 0
3 s
a2
2 1
a
E -15
2
o 20
-25
B
.30
1940 1950 1980 1970 1980 1990 2000 2010 2020
Year

110 Figure4. Piezometric levels at Pelabuhan area, Semarang from2H%P
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House

Area of house space 9'm

(assumed)
75% of wall area = 9720
Columns, area 15 x 15 cr - 2250
Floor, thickness of 10 cm 2160
Plasterboard - 121
Plasterboard hanger - 63
Roof - 700
Total 14954
Load peri ~  1661.55
17

Hence total surface load was taken as 60 KN/m

Boundary condition

kg/n?
kg/nt
kg/nt
kg/nt
kg/m?
kg/nt
kg/m?
kg/nt
kN/m?

The following boundary conditions weassumed:

Stress condition is 2D plane strain

The geometric mesh elements area triangular
with 15 nodes

Displacements were zero in both thandy
directions (U, Uy,=0) along the bottom of the
geometric mesh (i.e., between the aquifer and
the hard stratm). Along the vertical boundary
of the geometric mesh (i.e., at both the left
and right sides), the soil cannot move in xhe
direction (U, =0) but is free to move in theg
direction. Along the exposed ground surface,
the soil was free to move in both tkeandy
directions (Figure).

Initial pore pressure was generated by using
groundwater level of year 1996 (groundwater
level-17 m)

Closed consolidation boundary was applied
along the outer geometric boundary

Surface load was applied as vertical
distribution load of 60 kN/m(Figure6).

15 nodes triangular egments

TN
/ T~
|
UX:0 ‘H UX:
|
L +# 3 ## 3 ## +F ﬂ/ﬁ # = — — gt 4 4 £ 4

Uy, Uy =0

Figure5. Boundary condition of consolidation modeling
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Distributed vertical load = 6RN/m?

&

y

1 2
Soft clay
- Loose sand
K0 !
HE ; : i
AP o o o _'_lfll'm silty clay ____"’
e i ‘H R0 + + —
+—
Figure6. Application of surface load during consolidation modeling
The following modeling scenarios wemssumed: Results of Numerical Modelling
A. Changing groundwater levels from the year

2000 (groundwater level-20 m), 2005 The numerical _simulation for the Tanah Ma§
Pelabuhan sections was conducted for the period
groundwater level 27.5 m). from 1996 until minimum pressure was achieved

. r(e.g. pore pressure had been dissipated, end of
Changing groundwater levels from the yea L

L consolidation process) and settlement was taken at

20002010 as above and application of surfac?he mid of the thiclsoft clav laver
load of 60 kN/m. y layer.

(groundwater level -25m) and 2010 -(

Results of scenario A

The results of consolidation settlement modelling
using Plaxis package for section 1 are shown in
Figure 7, consisting of deformed mesh and

displacement versus time plot.

=2
2
ro

50,00 ‘ 100.00 160.00 200.00 250.00 300.00 350.00 400.00

100.007

—
Fe—— — T — |
B by Z+ Z B e
F T+ + + £ + Ead + Ead kil + ki ki T

HF
HF
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Extreme total displacement 495.07103 m

(displacements scaled up 50.00 times)
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Figure7. Deformed mesh and displacement (U) versus time plot for section 1 using scenario A

The summary result for all sections and comparison with Terzaghi method is shown ir8Figure

Year

1996 2006 2016 2026 2036 2046 2056 2066 2076

E’ -0,6 xs1 gwt level 1996-2010 (Terzaghi)
c
g xs1 gwt level 1996-2010 (Plaxis)
% 08 xs2 gwt level 1996-2010 (Terzaghi)
n
xs2 gwt level 1996-2010 (Plaxis)
1 —&—xs4 gwt level 1996-2010 (Terzaghi)
——xs4 gwt level 1996-2010 (Plaxis)
a —o—xs3 gwt level 1996-2010 (Terzaghi)
a4 ——xs3 gwt level 1996-2010 (Plaxis)

Figure8. Results of numerical modeling for scenario A

Figure 8 shows that total settlement due tdbetween 1012 cm for section 1 and 2 and6é2cm
groundwater drawdown during the year 19980 for section 3 and 4.

along section # ranges between 28 cm, the :

Iargegst settlement at gection 1 and 2 and the |0W€RS?SUItS of scenario B

settlement found in section 4. Settlertee The results of cosolidation settlement modelling
calculated using Terzaghi formula and Plaxisising Plaxis package for section 1 using scenario B
appear to be approximately typical with higheare shown in Figur®.

settlements computed by Plaxis. The difference is
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Figure9. Deformed mesh and displacement (U) versus time plot for sectisimd scenario B

The summary result for all sections and comparison with Terzaghi method is shown in Figure 11.

Year

1996 2006 2016 2026 2036 2046 2056 2066 2076
0 L L | | L L

xs1 gwt level 1996-2010+ 60 kN/m2 load (Terzaghi)

-0,2 - xs1 gwt level 1996-2010+ 60 kN/m2 load (Plaxis)
xs2 gwt level 1996-2010+ 60 kN/m2 load (Terzaghi)

-04 - xs2 gwt level 1996-2010+ 60 kN/m2 load (Plaxis)
—g ——xs4 gwt level 1996-2010+ 60 kN/m2 load (Terzaghi)
E -0,6 - ——xs4 gwt level 1996-2010+ 60 kN/m2 load (Plaxis)
g ——xs3 gwt level 1996-2010+ 60 kN/m2 load (Terzaghi)
% -0,8 ——xs3 gwt level 1996-2010+ 60 kN/m2 load (Plaxis)
- .
w e

~»
-1
1,2
1,4 -

Figure D. Results of numerical modeling for scenario B
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Figure D shows that total settlement due tcsettlement is expected to decelerate after the year
groundwater drawdown during the year 19980 of 2016 forboth scenario A and B.

plus the application of external load along section

1-4 ranges between 90 cm, the largest Verification of numerical modelling results
settlement at section 1 and 2 and the lowawith the monitoring results

settlement found in section 3 add Settlements To verify the validity of numerical modeling

calculated using Terzaghi formula and Plax'lsesults comparisons had been made with

appear 1o be approximately identical IOarticuIarl)éubsidence monitoring results by PSI method using

for section 3 and 4. Settlements calculated b§AR images for the periodf year 20022006
Terzaghi formula and Plaxis for section 2 sho Kuehn etal, 2009)and subsidence monitoring

typical curves which merge towards the year 203' esults by GPS measurement for the period of

Settlement calculated by Plaxis for section 1 150082009 (Abidin etal, 2010). The inferred

?br?#tl 20 Pcrm hdlggetrh t??ﬁ Clalcg.lﬁted ?ymT?rZragcz'ﬁonitoring results and comparison tables for each
ormua. ovided that Ihe loading parameters e period are presented in Figurednd Table2

not change, it can be seen that consolidatiocﬁ,SI survey) and Figure2land Table3 (GPS
survey).

Figure 1. Map of PSI derived zones of subsidence rate in Semarang showing sele&téd As e ct i o
(modified fromKuehn et.al, 2009)

Table2. Comparisons of calculatedsigts with subsidence monitoring using PSI method

Section| Scenario A (drawdown o Scenario B (drawdown o Rate  of
groundwater level) groundwater level+ surface load) | subsidence
Settlement Rate of| Settlement Rate of| from
during 2002 | subsidence during 2002 | subsidence monitoring
2006 (cm) (cmlyear) 2006(cm) (cmlyear) (cmlyear)
Terzaghi| Plaxis| Terzaghi| Plaxis| Terzaghi| Plaxis| Terzaghi| Plaxis

114 14 1.0 3.5 8 17 2 4.25 |56
214 4 1.0 1.0 12 19 3 4.75 | 6-7
3|5 12 1.25 3.0 13 19 3.25 4.75 | 6-7
4|3 8 0.75 2.0 13 20 3.25 5 6-7
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