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Ground response to tunnel construction for Jakarta Mass Rapid  
Transit Project
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ABSTRACT: The Jakarta Mass Rapid Transit (MRT) Project, currently under construction, to relieve 
traffic congestion within the city, has both elevated and underground sections with a transition between 
them immediately north of Sisingamangaraja station. The tunnel runs from there to Bunderan Hotel 
Indonesia for 4 km beneath major roads in central Jakarta. Four Earth-Pressure-Balance (EPB) machines 
with outer diameters of ∼6.7 m are being used to excavate the northbound and southbound tunnels. The 
tunnels are mostly located in dilluvial strata which comprise stiff  to hard silts or clays. Surface settlement 
predictions have been performed and field measurements analysed to assess the ground response to tunnel 
construction around the Bunderan Hotel Indonesia. In the early stages of tunnelling, in the northern part 
of the project (CP106), small degrees of heave, up to about ∼6 mm, occurred directly above the centre-line 
of the southbound tunnel, reducing with transverse distance to small settlements. Once the Tunnel-Boring 
Machine (TBM) reached about 320 m southwards, surface movements changed from heave to settlement. 
The responses suggest that vertical displacements (heave or settlement) depend on TBM variables such as 
face and tail skin grouting pressures in conjunction with depth of overburden.

Keywords: ground movements, instrumentation, monitoring, settlement, tunnels

the 2.5–3.0 million people commuting from the sub-
urbs (Bogor-Depok-Tangerang and Bekasi), many 
of whom drive, contributing greatly to traffic vol-
umes in peak hours. In order to reduce congestion 
on major roads, sustainable transportation systems, 
such as underground infrastructure, are needed.

1 INTRODUCTION

1.1 Jakarta MRT Project

Jakarta is the capital city of the Republic of Indone-
sia (Figure 1a) with 10 million inhabitants. The day-
time population increases significantly because of 

Figure 1. (a) Jakarta and its surrounding areas is adapted from (Abidin et al. 2011), (b) Jakarta MRT development 
plan (MRT Jakarta 2016).
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Figure 2. Jakarta MRT NS link phase 1 route plan drawn with intersection with other major roads (see rectangular 
area in Figure 1b).

Figure 3. Excavation and sequences of the Jakarta MRT.

The Jakarta Mass Rapid Transit (Jakarta MRT) 
has been proposed to relieve traffic on some of the 
most congested roads in the southern and central 
part of Jakarta. Figure 1b shows that this project 
consists of two corridors: a 25-km north-south 
(NS) corridor with 21 stations (blue line); and an 
87-km east-west (EW) corridor with 87  stations 
(green line). The NS corridor, connecting Lebak 
Bulus in the south to Jakarta Kota in the north, 
has two construction sections: a 15-km NS Line 1 
and a 10-km NS Line 2.

Figure  2  shows the layout of the NS Line 1 
which has an elevated section with a total length of 
10 km (solid line) and a 16-km long underground 
section (dashed line). The elevated section has one 
terminal/depot in Lebak Bulus, and six elevated 
stations, namely Fatmawati, Cipete Raya, Haji 
Nawi, Blok A, Blok M and Sisingamangaraja. A 
total of seven stops along the elevated section are 

spaced at an average distance of 1.37 km. The clos-
est distance between two stations, Blok M station 
and Sisingamangaraja station, is around 630  m. 
The final one, Sisingamangaraja, is very close to 
the business centre of the city.

The underground section comprises twin tun-
nels and six underground stations spread along the 
6 km from the transition zone, immediately north 
of Sisingamangaraja station, to Bunderan HI sta-
tion (the end of the NS Line 1). All underground 
stations have two floors, except Dukuh Atas sta-
tion where there are three. This underground sta-
tion is deeper than the others because the tunnel 
alignments have to pass beneath the Ciliwung 
River. The average distance between two stations 
along the underground section is 1069 m and the 
shortest distance is 764  m (Bendungan Hilir to 
Setiabudi). This NS link phase 1 is planned to be 
operational by the end of 2018 while the NS link 
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reports. Extensive sets of boreholes were drilled in 
2010 and 2013 to establish the soil conditions. The 
former set relates to the pre-contract stage, and 
the latter to additional geotechnical investigations. 
Standard Penetration Test (SPT) N-values were 
compiled in conjunction with the soil stratigraphy. 
However, a major shortcoming of the SPT when 
applied to silts and clays is that different driving 
resistances are obtained under dry or moist condi-
tions (Rogers 2006).

The relationship between uncorrected SPT 
N-values and soil consistency for cohesive soils or 
relative density for cohesionless soils proposed by 
Karol (1960) was used in the study. The stratig-
raphy is divided into six main geological units as 
shown in Table 1.

The profile of subsoil stratigraphy along the 
project is diverse. It generally consists of a layer, 
AC1, overlying alluvial (AC2) and dilluvial fine 
grained soils (DC1 and DC2). The four layers are 
classified as silt as most of the Atterberg limit data 
points fall below A-line in the Casagrande chart 
(Figure 4).

phase 2 (Bunderan HI to Kota area) is to be com-
pleted by 2020 (MRT Jakarta 2016).

The tunnelling works were split into three con-
tracts CP104 to CP106 as shown in Figures 2 and 3. 
The Southbound (SB) and Northbound (NB) tun-
nels have inner diameters of 6.05 m, and are currently 
being excavated by four Earth-Pressure-Balance 
(EPB) Tunnel Boring Machines (TBMs). This paper 
presents and discusses results from monitoring sec-
tions installed near to Bunderan HI station.

2 SITE LOCATIONS

2.1 Topography and geological conditions

The Jakarta districts are in low-lying areas. There 
is no dramatic terrain relief. The terrain is rela-
tively flat with slopes ranging from 00 to 20 in the 
northern part of Jakarta, whilst in the southern 
part they areis between 00 and 50.

Geological cross-sections of geological map 
of Jakarta & Kepulauan Seribu indicate that the 
underlying bedrock is part of the Bojongmanik 
Formation, unit Tmb. (Turkandi et al. 1992). This 
formation consists of alternating claystone and 
sandstone layers with limestone intercalations of 
Miocene age and the top of these is approximately 
100 m below ground level (mbgl) in the northern 
areas, close to the coast. During the tunnel con-
struction, the Bojongmanik Formation is not 
encountered because all of the NS link phase 1 is 
located above this formation.

In the west, above this layer, the early Pliocene 
Genteng Formation (Tpg), consisting of pumice 
tuff, tuffaceous sandstone, andesite breccia, con-
glomerate and tuffaceous claystone is overlain by 
the Plio-Pleistocene Banten Tuff (QTvb), com-
prising tuff, pumice tuff, and tuffaceous sand-
stone. The Banten Tuff Formation is apparently 
overlain by superficial deposits deposited during 
the Quaternary period. These superficial strata, 
within which the entire length of the tunnel align-
ment is located, consist of the Alluvial Formation 
(Qa) and the Alluvial Fan Formation (Qav). Typi-
cal materials of the Alluvial Fan Formation are 
beds of fine tuff, sandy tuff  interbedded with con-
glomerate tuff, whereas the alluvial deposits (Qa) 
consist of clay, silt, gravel, cobbles and boulders. 
Another superficial deposit, the Beach Ridge For-
mation (Qbr) is apparently overlying the Banten 
Tuff at other places in Jakarta especially in the 
western and northern part of Jakarta near to the 
Jakarta shoreline.

2.2 Subsoil conditions along alignment

The ground conditions along the tunnel alignment 
were deduced from geological and geotechnical 

Table 1. SPT N-values relating to soil stratigraphy.

Geology Classification Consistency
SPT N- 
values

Upper  
strata 
Alluvial

AC1

AC2
AS1

Very soft to firm 
clay or silt

Stiff  clay or silt
Loose to  

medium sand

1–8

8–15
<30

Lower  
strata 
Dilluvial

DC1

DC2
DS1

Very stiff  clay  
or silt

Hard clay or silt
Dense to very 

dense sand

15–30

>30
>30

Figure 4. Casagrande chart for fine-grained soils.



338

Sand layers are also found and divided into 
AS1 and DS1. The layers mentioned above can be 
described by the following.

Upper strata—alluvial
AC1: very soft to firm and high plasticity clay or 
silt, of thickness about 3–8  m in CP104, slightly 
increasing to 6–12  m and 3–14  m in CP105 and 
CP106, respectively. The water content is close to 
the plastic limit and liquidity index is less than 1 
(range of 0.13–0.72). The average plasticity index 
is about 46%. A SPT N-value of 6 is considered 
reasonable for this stratum.

AC2: over-consolidated, stiff  and high plas-
ticity clay or silt with an average silt content of 
∼67%. The thickness is about 1–11 m. Water con-
tents range from 30% to 86%. An average of SPT 
N-value is 12.

AS1: localized layers of loose to medium allu-
vial sand. SPT N-values values range from 10 to 27 
with an average of 15.

Lower strata—dilluvial
DC1: over-consolidated, very stiff  and high plas-
ticity clay or silt with an average silt content of 
∼67%. The thickness varies between 1–7 m except 
near to Setiabudi station where it extends to range 
of 12–32 m thick. Water contents range from 28% 
to 85%.

DC2: over-consolidated, hard clay or silt with 
average silt content of ∼62%. Water contents range 
from 26% to 85%. Most SPT N-values are greater 
than 50.

DS1: dense to very dense sand. This layer is 
found extensively as a continuous thick layer in 
CP104 (the southern part of the project). It was 
also found in some boreholes within CP105 and 
CP106 although it is not as thick as within CP104. 
Most SPTs were terminated at a N-value of 50 
with various penetration within 10–20 cm, so that 
the average is considerably higher than 50.

2.3 Groundwater level

Ground Water Levels (GWL) were monitored 
during the geotechnical investigation in 2010 and 
2013. From the 2013 data, the GWLs along CP104 
are located at 0.5–9.0  mbgl, whereas the GWL 
along CP105 and CP106 vary in the range of 2.4–
8.3 mbgl, and 1.1–7.3 mbgl, respectively.

To understand groundwater fluctuation in rela-
tion to wet-dry seasons, groundwater observations 
were conducted using electronic water level gauges 
in several Observation Wells (OWs) from January 
2015 to May 2016. Table 2 summarises the results 
of the GWL observations from the OWs.

It can be clearly seen that the GWLs generally 
fluctuate depending on the season. For example, 

in OW2 near Dukuh Atas, the water level was 
recorded at 6.6  mbgl during the dry season and 
rose to 0.8 mbgl during the wet season. A similar 
trend of fluctuation occurred in the OWs near to 
Bunderan HI indicating the GWLs of 1.9–3.5 mbgl 
and 0.3–0.8 mbgl during the dry and wet seasons, 
respectively.

In addition, it should be noted that Jakarta is 
often subjected to flooding caused by high level of 
precipitation and climate change. Another impor-
tant factor which may affect the position of the 
GWL is ground subsidence throughout Jakarta, 
resulting from water extraction, especially the 
areas in the northern part of Jakarta at which the 
rate of subsidence is about 12  cm/year based on 
interferometric synthetic aperture radar (InSAR) 
measurements for the period June 2006 to Febru-
ary 2007 (Abidin et  al. 2011). These factors may 
lead to ground water levels rising and being close 
to ground surface level.

3 TUNNEL CONSTRUCTION

3.1 Earth pressure balance machines

It is evident from the soil stratigraphy along the 
tunnel alignment, that most of the tunnel align-
ment is located within the dilluvial clay which 
has SPT N-values greater than 30 and more than 
a 70% fines content. Four EPB machine shields 
are being used in this project. The TBMs on 
CP106 are of slightly larger diameter than those 
on CP104/105 because the alignment of CP106 is 
deeper due to the existence of Ciliwung River and 
so thicker linings were required. The dimensions 

Table 2. Summary of ground water levels.

Area
Observation GWL (mbgl) Fluctuation
wells max. min. (m)

Senayan OW 1 1.7 8.2 6.5

OW 2 0.92 6.24 5.3

Istora OW 1 3.71 9.96 6.3

OW 2 4.64 11.3 6.7

Bend. Hilir OW 1 2.63 8.77 6.1

OW 2 2.83 10.6 7.8

Setiabudi OW 1 5.46 11.29 5.8

OW 2 4.13 12.95 8.8

Dukuh Atas OW 1 1.36 5.7 4.3

OW 2 0.81 6.57 5.8

Bunderan HI OW 1 0.3 3.54 3.2

OW 2 0.35 2.15 1.8

OW 3 0.77 3.84 3.1

OW 4 0.15 3.14 3.0

  OW 7 0.36 1.95 1.6
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and  capabilities of the EPB machines are summa-
rised in Table 3. Note that these machines have a 4 
pole electric motor (abbreviated as 4P) designed to 
meet required torques and rotation speeds. All of 
the EPB TBMs were manufactured by Japan Tun-
nelling Systems Corporation (JTSC).

Figure  3  shows the excavation sequences of 
the Jakarta MRT twin tunnels, which are cur-
rently under construction at the time of writing. 
Each contract has two stages of tunnel construc-
tion. The first two machines, TBM1 and TBM2, 
run from south to north of the CP104 align-
ment, starting from the transition section near 
Senayan station (see Figures  2 and 3). There are 
330 m of open underpass that leads into a 130 m 
long cut-and-cover section starting from chainage 
9+210.955 just before the shield section of CP104. 
Excavation for the first stage of the shield section 
of TBM1, from chainage 9+670.96 to the southern 
wall of the Senayan station, started on October 7, 
2015, while TBM2 began the first stage of the up-
track tunnel just over one month later. The follow-
ing stage connects Senayan and Istora stations. At 
the start of shield drives for CP104, the axis of the 
down- and up-track tunnels are about 7.69 mbgl. 
Their axes by the end of stages 1 and 2 are about 
14.1 mbgl and 15.2 mbgl, respectively. In general, 
the tunnels throughout this area are located within 
the various mixed layers of alluvial clay (AC1 and 
AC2) and dilluvial clay (DC1).

CP105 has two stages of tunnel construction. 
The first stage starts from chainage 11+042.840 
(the northern wall of Istora station to Bendungan 
Hilir stations). The following leg connects Bend-
ungan Hilir and Setiabudi stations. Most of the 
soil layers within these two stages are dominated 
by dilluvial clay. However, at some locations the 
tunnels pass through hard cemented sand.

TBM3 and TBM4 of CP106 were driven in 
the opposite direction, i.e. from the southern wall 
of Bunderan HI station (chainage 14+678.09) to 

the northern wall of the Setiabudi station (north 
to south direction). Most of the alignment of the 
tunnels is within the AC2 and DC1 soil layers with 
occasional cemented sand layers. Excavation with 
these two machines commenced in March and 
April 2016, respectively.

3.2 Lining

Each lining ring comprises five precast-concrete 
segments (A1, A2, A3, B1 and B2) and one wedge-
shaped key-piece (K) installed and bolted together 
using 16 T25 steel bolts tightened using pneumatic 
tools in the circumferential and longitudinal direc-
tions (Figure 5).

Lining erection is usually started from the 
invert, with segment A2 placed first, followed by 
segments A1 and A3. Upper segments, B1 and B2, 
are installed later. The wedge-shaped key-piece 
locks the segments to form one ring. The segment 
thicknesses used for CP104/105 and CP106 are 
250 mm and 300 mm respectively, with a width of 
1500 mm.

Water proofing is achieved using a hydrophilic 
rubber seal attached on all joints of the segments. 
In addition, a stress distribution packing is 
installed along the circumferential joint.

3.3 Grouting

The annular void between the concrete lining and 
excavated ground must be backfilled with grout to 
minimise surface settlements. The backfill grout, 
consisting of cement paste (cement, bentonite, 
stabilizer and water), and an accelerator (sodium 
silicate) as shown in Table  4, is simultaneously 
injected from the shield to fill the gap created 
behind the lining segments after they have passed 
beyond the tail skin.

The two-component backfilling, cement paste 
and accelerator, are mixed just before the filling 

Table 3. Comparison of shield machines.

Parameter CP104/105 CP106

Shield outer φ (mm) 6690 6790

Shield length (mm) 7205 7575

Machine length (mm) 11000 12553

Thrust cylinder (jack)

Max force (kN) 1500 2000

Max pressure (MPa) 34.3 34.3

Stroke (mm) 2100 2150

No. jacks 22 20

Thrust cylinder speed 55 mm/min 51 mm/min

Power unit: electric  
motor

37 kW × 4P 
× 400V

45 kW × 4P 
× 400V

Figure 5. Arrangement of precast concrete blocks.
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process through grout holes located on the inner 
surface of the B segments. The cement paste 
transforms itself  from a creamy liquid to a gel in 
8–15  seconds. The backfill grout should satisfy 
performance characteristics such as a flow and 
strength. It should fill the gap and void before it 
sets and hardens. Requested design strengths for 
this project are 0.1–0.15 MPa after one hour, 1 MPa 
and 2.5 MPa after 1 day and 28 days respectively.

The shield operator controls the flow, pressure 
and mixing ratio of the grout through a computer-
ized control system. Important data such as grout 
pressures and volumes are recorded and stored, 
along with other TBM parameters such as face 
pressure and screw conveyor speed.

3.4 Face and grout pressure

Two sensors were used to record the face pressure. 
In this paper, the average face pressure from five 
construction cycles (for rings R7 to R11 of the lin-
ing of the southbound tunnel of CP106) near Bun-
deran HI station is plotted against time (Figure 6). 
The construction cycle consists of two phases, i.e. 
the excavation and TBM advance, followed by the 
lining erection phase. For the former, when the 
EPB machine was advancing, the average pres-
sure for the cycles shown was consistently about 
170 kPa.

Figure  6 also presents the maximum primary 
grout pressure (GP max). In this project, the GP 
max for rings R7 to R11, injected through B1+B2, 
was between 240 and 430  kPa, whilst secondary 
grout was injected from the bottom (segment A2) 
either within 14 days of the lining being completely 
built or when the lining was 50 metres behind the 
tunnel face. The former has an aim to fill voids 
between the lining and surrounding ground by suf-
ficient pressure without causing ground heave to 
occur. The latter grouting, applied with an upper 
limit of 600 kPa, was conducted to ensure all voids 
have been filled.

Excavated materials were discharged from the 
excavation chamber, via the screw conveyor, into 
a 14-inch diameter hose, leading to empty muck 
cars. It can be observed that screw muck volume 
(SMV) for the five tunnel construction cycles (R7 
to R11) varied from 59.1 m3 to 66.8 m3 represent-
ing a percentage of 9%–23% larger than the exca-
vated volume (Figure 6).

4 MONITORING

4.1 Typical surface and subsurface monitoring

Monitoring of tunnelling-induced ground move-
ments is undertaken so that controls can be imple-
mented to limit settlements and ensure safe tunnel 
construction. Surveying points were installed for 
monitoring vertical ground displacements at spe-
cific sections along CP104, CP105 and CP106.

As the tunnel alignments are located beneath 
two major roads, (Jalan Sudirman and Jalan Tham-
rin), there are, as such, no greenfield monitoring 
sections. The survey points were conventional 
nails, installed in the road surface and observed 
manually using a standard level and staff. It is not 
clear where the datum points from which the sur-
veys were started are located or how their stabil-
ity was checked. It is likely that the stiffness of the 
road pavement will affect the measurements and 
consequently the readings taken might not reflect 
the ground movements beneath the road itself.  
A limited number of subsurface rod extensometers 
were installed at some sections and these might 
help with the interpretation. In this paper, survey 
results are discussed from monitoring near the 
Bunderan HI roundabout (within CP106) located 
20 m from Bunderan HI station (Figure 7).

4.2 Monitoring sections near Bunderan HI

Sets of survey points were installed at 20 m intervals 
along the alignment (see Figure 7: B20 to B200). In 
the transverse direction, most monitoring sections 
have four to five surface markers except B20 which 
has seven. Thus, at section B20 the transverse settle-
ment trough should be well defined and quantified. 
Two rod extensometer boreholes were also installed 
above the SB and NB tunnel crowns as shown in 

Table 4. Backfill grout material.

Cement  
(kg)

Bentonite  
(kg)

Stabilizer  
(kg)

Water  
(kg)

Sodium  
silicate (litre)

270 30 5 807 90

Figure 6. Example of face pressure values during five 
tunnel construction cycles near Bunderan HI station.
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Figure  8. Within each borehole, there are two 
anchors connected to reference heads at the ground 
surface by sleeved rods. The upper anchor is located 
at almost 6 mbgl (S1 and N1) and the deeper one at 
1 m above the tunnel crowns (S2 and N2).

4.3 Surface movements

Vertical displacements have been analyzed from 
the B20  section in terms of time and transverse 
distance. The magnitudes of vertical displacement 
are very small. As the machine approaches, a small 
heave of 2 mm occurs at surface point 3 above the 
SB tunnel (see Figure 9a). However, it is also evi-
dent that there is much scatter in the data later with 
apparently large upward and downward fluctua-
tions over short time intervals.

It is evident from Figure 9a that the resolution 
is 1 mm, or perhaps simply the readings recorded 
are expressed to the nearest millimetre. Judging 
from the later data the accuracy is much lower, 
initially seeming to be about ±1  mm, but when 
the NB tunnel was constructed (which should not 
have a major effect on point 3) reducing to about 
±3 to 4 mm. Selected profiles across the transverse 

section are given in Figure  9b. In view of the 
accuracy just discussed, the interpretation of the 
profiles is tenuous, but it is clear that the overall 
ground displacement is upward (heave), based on 
the road surface measurements. The heave reduces 
with transverse distance from the tunnels.

4.4 Subsurface movements

Pre-construction monitoring of the extensometers 
(starting from 23.02.2016) suggests that the accu-
racy of measurements of changes in anchor level 
relative to the reference head is generally ±0.1 mm. 
However, the accuracy of absolute measurements 
is controlled by the surface levelling which, as just 
discussed, is much lower than this.

Vertical subsurface displacements above the 
SB and NB centre-lines are shown in Figure 10a 
and 10b. As the SB TBM approached (y = −10 m), 
both anchors above the SB tunnel remain stable 
and then heaved at 1  mm at y  =  −6  m, increas-
ing to 2 mm as the machine passed beneath them 
(y = 0 m), and then reverted to 1 mm as the TBM 
progressed further as seen in Figure 10a. Similar 
trends of subsurface developed during construc-
tion of the NB tunnel but with larger magnitudes, 
up to 5 mm (Figure 10b). The fact that there are no 
differential displacements between the anchors or 
the reference head suggests that there is no vertical 

Figure  7. Monitoring sections at Bunderan HI 
roundabout.

Figure  8. Section through monitoring section B20 
looking to the north (to Bunderan HI station).

Figure 9. Vertical displacement of surface markers dur-
ing construction of the SB and NB tunnels (a) plotted 
against time, and (b) plotted against transverse distance.
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straining of the ground and that is moves upwards 
as a block. Given the size of the TBMs, this seems 
surprising. Such a measured response might also 
occur if  the grout column within the borehole 
in which the anchors were installed has not been 
effectively isolated from the concrete road pave-
ment in which the reference head is installed.

4.5 Discussion of the results

Vertical displacements at the B20 section, close to 
the southern wall of Bunderan HI station, were 
small with upward heave in a range of 2–6 mm. Sim-
ilar responses have been observed on other projects 
where EPBM TBMs have been used (e.g. Vanoud-
heusden et  al. 2005, Sirivachiraporn & Phienwej 
2012, Standing & Selemetas 2013). Reasons for the 
heave are related to the depth of overburden and 
EPBM variables such as face and tail-skin grouting 
pressures. Settlement rather than heave has been 
observed on other sections of the TBM drives. It 
should be noted that standard empirical settlement 
predictions will always result in settlements.

5 SUMMARY AND CONCLUSIONS

The alignment of the new Jakarta MRT and asso-
ciated ground conditions have been summarized. 

Monitoring results from a section close to Bunderan 
HI station indicate that vertical displacements of 
the road pavement from tunnel construction using 
EPB TBMs are small (<10  mm) and sometimes 
upward. Accurate monitoring systems are neces-
sary to gain meaningful data with such small dis-
placements. Subsurface displacements are the same 
as those at the surface suggesting either (i) upward 
ground movement with no straining or (ii) perhaps 
insufficient isolation of the extensometer reference 
heads from the concrete road surface in which they 
are installed.
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Figure  10. Vertical displacements from extensometers 
at section B20 (S1-S2 & N1-N2) from (a) SB and (b) NB 
tunnel drives.
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