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ABSTRACT: The Kowloon Southern Link (KSL) is a 3.8 km underground railway project in a busy urban area
with complex geological and alignment constraints.A key challenge for the project is to construct a critical section
of the tunnels above the existing MTR tunnels and below a heavily trafficked road junction, which is termed as
the MTR Crossing. Cut and cover method was originally envisaged to construct the MTR Crossing. In view of
the complex ground conditions and other physical site constraints, the contractor proposed to extend the bored
tunnels using a tunnel boring machine (TBM) across the existing MTR tunnels as an alternative. Adopting the
TBM method for the MTR crossing introduced specific challenges which called for comprehensive engineering
studies, extensive ground treatment, tailored protective measure for the MTR tunnels, as well as sophisticated
instrumentation in order to ensure that the railway operations and the public safety are not compromised. This
paper is to discuss the design development of the scheme and the methodology of the MTR Crossing.

1 INTRODUCTION

The Kowloon Southern Link (KSL), running 3.8 km
underground, will link West Rail from its current
terminus at Nam Cheong Station to the East Rail’s ter-
minus at East Tsim Sha Tsui Station, with a new West
Kowloon Station in between. By joining East Rail with
West Rail, it will provide commuters with a convenient
interchange between these two railway corridors.

The KSL construction works are basically divided
into two sections, northern section and southern sec-
tion. The northern section covers a twin 2.1km run-
ning tunnels between Nam Cheong Station and West
Kowloon Station, mainly on reclaimed land where the
conventional cut and cover construction is the prevail-
ing method. The 1.7 km southern section comprises
a new station and twin 1.1 km TBM bored tunnels
located in a busy tourist and commercial area between
West Kowloon Station and East Tsim Sha Tsui Sta-
tion. The project includes the crossing perpendicularly
above the existing Mass Transit Railway (MTR) Tsuen
Wan Line (TWL) tunnels which run in the north-south
direction underneath the heavily trafficked Nathan
Road (Figure 1).

This paper focuses on the TBM crossing over the
MTR TWL tunnels.

Figure 1. The KSL Alignment.

2 SITE CONDITIONS AND REGIONAL
GEOLOGY

The solid geology in the Kowloon peninsula and along
the KSL tunnel route and at the MTR crossing com-
prises intrusive igneous bedrock belonging to the
Kowloon Granite Formation. Salisbury Road is 4 m
above sea level and constructed over old reclaimed fill
underlain by superficial deposits. The deposits overlie
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Figure 2. Geological sections.

a relatively thin layer of completely decomposed gran-
ite (CDG) above bedrock. Despite close proximity of
the harbour the ground water table in Salisbury Road
was typically 2.5 m below ground level with minor
influence from tidal fluctuations.

The geological interpretation indicated that the
MTR down track tunnel lies within the granite
bedrock. For the MTR up track tunnel, as-built record
indicates the bedrock and completely decomposed
granite interface to be at the axis of the MTR up
track tunnel. However, based upon additional geotech-
nical information and borehole results, this interface
was interpreted to be higher above the tunnel axis
(Figure 2).

3 TUNNEL DESIGN

3.1 Original design based on cut and cover

The original scheme design of the KSL tunnels
along Salisbury Road was based on the conven-
tional cut-and-cover construction method. KCRC, the
project proponent, submitted its original proposal
based upon the original scheme design to the HKSAR
Government.

However, MTR raised an objection to the proposed
scheme for the reason that the proposed cut-and-cover
method at the MTR crossing would give rise to the
risk of floatation due to removal of the overburden
above the MTR tunnels at the crossing. Subsequently,
an alternative micro-tunnelling technique was further
proposed for the MTR crossing.

The proposed micro-tunnelling method required
hand mining in soft ground within a pre-installed hori-
zontal pipe piled enclosure around the perimeter of the
tunnel structure. It was contended that this alternative
method would ameliorate the risk of floatation of the
existing MTR tunnels compared to the cut-and-cover
method. As such, MTR agreed to allow authorization

of the scheme by the HKSAR Government based on
the micro-tunnelling method.

Despite MTR’s no objection to the use of the micro-
tunnelling method from railway protection point of
view, there were drawbacks of this method. It is recog-
nized that hand mining in soft ground, in particular in
marine deposits and below groundwater table, is a high
risk activity. The risks of hand mining include the indi-
rect support system, instability of mined face, potential
for seepage and piping through the gaps between hor-
izontal pipe piles, and the likelihood of large ground
movements resulting in a risk of damaging existing
utilities. To mitigate these risks, substantial ground
treatment would be required for the micro-tunnelling
construction at the MTR crossing. Furthermore, exca-
vation by hand mining with staged installation of
temporary supports and construction of the permanent
tunnel structure would be time consuming.

During the KSL tendering stage, some of the ten-
derers proposed the use of TBM method for the MTR
crossing. Due to the limited time for the tendering,
none of the tenderers was able to obtain MTR’s agree-
ment on adopting the TBM method. As such, the TBM
crossing as a potential alternative remained uncertain
at the time of the tendering.

3.2 Selling the TBM crossing alternative

Immediately after the contract award, a value engineer-
ing workshop was held among KCRC, the contractor
and its designer. Consensus was reached that the TBM
crossing alternative should be seriously considered.
The contractor’s designer undertook a detailed engi-
neering study of the TBM crossing over the MTR
TWL tunnels. The study included a two-dimensional
finite element numerical modeling analysis using the
software PLAXIS Version 8.2 and a three-dimensional
analysis using the software FLAC 3D Version 3.0.

In both the 2-D and 3-D analyses, the geotechnical
parameters adopted were based on the geology deter-
mined from existing site investigation information and
the MTR construction records. Due to the close sepa-
ration of the two KSL tunnel bores, ground treatment
using jet grouting was recommended by KCRC and
its contractor (Figure 3). The analyses showed that
the movements and distortions of the MTR tunnel
lining due to the KCRC’s TBM crossing would be
within the required structural tolerance. Furthermore,
a parametric study was carried out with varying jet
grout strengths between 0.5 MPa and 1.5 MPa and
it indicated that the impact on the MTR tunnel lin-
ing movement would be satisfactory and the jet grout
strength was not a critical factor.

Despite the favorable results of the design assess-
ment, MTR expressed a specific concern regarding
the presence of boulders above the crown of the MTR
tunnels and below the invert level of the KSL tun-
nels. MTR considered that there was a risk of the TBM
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Figure 3. Layout of Jet Grout Block.

dislodging a boulder which may be connected to the
MTR tunnel lining, resulting in damage to the MTR
tunnel lining. In order to mitigate this risk, it was pro-
posed to drill closely spaced horizontal pipe piles to
physically isolate the MTR tunnels from the material
through which the TBM would bore. Furthermore, jet
grouting the entire area above the MTR tunnels was
proposed to form a consolidated block of soil and grout
matrix. On this basis, MTR agreed in principle to the
TBM method of crossing the MTR tunnels.

However, the alternative TBM proposal still needed
to undergo the statutory process of the amendment to
the authorized scheme, which also involved consulta-
tion with relevant Government authorities, stakehold-
ers, as well as local communities. The merits of the
TBM method compared to the original scheme of cut
and cover tunnels were obvious from the public and
social benefit points of view, apart from the construc-
tion benefits.TheTBM method minimizes disturbance
to the traffic and existing utilities with much less envi-
ronmental impacts in terms of noise, dust and visual
impact, in particular in such a busy commercial and
tourist area where there are nearby prestigious hotels,
shopping malls and distinguished cultural facilities.As
such, the alternative proposal for adopting the TBM
method was well received by all the relevant parties
without any objection.

4 TECHNICAL CHALLENGES FOR TBM
CROSSING

KCRC and its contractor needed to revise the design
details of both the permanent works and temporary
works to cater for the revised TBM crossing method.
This included addressing the vertical alignment con-
straints imposed by the existing MTR tunnels, the
connection into the existing KCRC overrun tracks of
the ETS Station, as well as the ground conditions for
TBM tunnelling (Figure 4).

Figure 4. KSL Alignment constraints.

In order to maintain the minimum 1.5 m clearance
of any KSL works from the extrados of the MTR
tunnels, the depth of the ground cover to the TBM
at the MTR crossing was as shallow as only 6.8 m
which was less than the diameter of the TBM (viz.
8.05 m). Given the geology at the crossing with boul-
ders present at the tunnel invert and marine deposits
within the tunnel horizon and above the tunnel crown,
the shallow cover is considered a challenge to theTBM
tunnelling in controlling the ground settlements on one
hand and minimising the risk of ground heave or slurry
leakage on the other. There were existing critical utili-
ties above the crossing. The consequence of damaging
these utilities would be very serious. Also, any sig-
nificant disturbance to the surface such as excessive
ground movements or slurry leakage would inevitably
cause disruption to the traffic at this busy road junc-
tion.These kinds of incidents would have major impact
on the road users and KCRC’s corporate image and
therefore measures were taken to mitigate the risks of
their occurrence.

Due to the above vertical alignment constraint, the
structural clearance between the KSL tunnels and the
MTR tunnels was only 2 m. The presence of boulders
at the KSL tunnel invert had been a cause for con-
cern on potential damage to the MTR tunnel lining.
The MTR TWL carries more than a million passen-
gers daily. Apart from the public safety which is of
paramount importance, any disruption to the railway
services would have substantial impact to the public
and is unacceptable to MTR and Government author-
ities. Careful planning, control and monitoring of the
TBM drives crossing above the MTR tunnels were
deemed to be critical and essential in order to ensure
that there would be no adverse impact on the MTR
tunnels. These called for the need of the development
of wide range of additional protective measures and
geotechnical instrumentation.

The existing overrun tracks of the ETS station to the
east of the MTR crossing had been operational prior to
the KSL construction. The alignments of these over-
run tracks had been based on the original cut and cover
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Figure 5. The mixed ground TBM.

tunnel scheme of the KSL with a very narrow separa-
tion between the up track and down track. he structural
clearance between the two KSL tunnel bores at the
MTR crossing was only 900 mm. This extremely close
separation of the tunnels gives rise to a technical chal-
lenge for the TBM tunnelling, in particular on how to
avoid causing excessive movements to the first com-
pleted KSL tunnel during the adjacent second TBM
drive.

5 TUNNEL BORING MACHINE

A purpose-built mixed ground TBM, using mixshield/
slurry technology, was used to excavate the tunnels
through both rock and soil deposits (Figure 5). The
8.05 m diameter Herrenknecht TBM, named “Little
Dragon Girl” (Xiaolognu), was designed to suit the
prevailing ground and groundwater conditions and so
limited the potential for face instability and ground
settlement when excavating in soft and mixed ground
conditions. The TBM cutter head was also equipped
with heavy-duty cutting tools for excavation in com-
petent rock. A hydraulically powered jaw type rock
crusher was installed in front of the suction grill behind
the cutter head and was capable of crushing blocks
such as boulders up to 500 mm in size.

The operating principle of the mixshield TBM is to
utilise the pressurized bentonite slurry at the confined
tunnel face to withstand the hydrostatic pressure and
ground pressure in all instances. This system enables
the tunnel face stability to be maintained at all times,
even in a mixed soil/rock interface.

The bentonite suspension for the tunnel face support
is pressurised by an air cushion or “air bubble”. “Little
Dragon Girl” was equipped with a compressed air reg-
ulation unit which accurately controlled the required
“air bubble” pressure with a sensitivity of +0.05 bar.
Pressure levels were calculated for various sections of
the TBM tunnel drives according to the different geo-
logical and groundwater conditions. Extensive tests on

the marine deposits in the area of the MTR crossing
were carried out in order to obtain sufficient data for
calculating the “air bubble” pressure to be adopted by
the TBM when crossing over the MTR tunnels.

6 ADDITIONAL PROTECTION TO MTR
TUNNELS

6.1 Ground treatment

There are multiple objectives of the ground treatment
above the MTR tunnels as follows:

– To stabilize the ground whilst the TBM passes
above the MTR TWL tunnels and beneath sensitive
utilities,

– To provide water cut-off and prevent lowering of
ground water and loss of soil when the TBM breaks
into the reception shaft, and

– To cater for TBM low ground cover and narrow
separation

Ground treatment in the form of 1.5 m diameter
jet grout columns were adopted using cement based
grout (including microfine cements) and silicates. For
quality control purpose the unconfined compressive
strength of post-drilled cores was set at 1 MPa mini-
mum at 28 days. Jet grout columns generally terminate
at 1.5 m from the crown of the MTR tunnels and 2.5 m
above the crown of the future KSL tunnels. The total
number of jet grout columns designed is 690.

The jet grouting employed a double fluid jet grout-
ing system utilizing a swivel head that directs two
different fluids of grout and air through concentric
double tube rods. Grout and air exit horizontally
through the two concentric nozzles attached to the bot-
tom of the grout string. The air and grout are injected
at high pressures of 6 bars and 200 bars respectively.
The air and grout injection breaks up and mixes with
the soil matrix resulting in a grout and soil slurry. The
diameter of the grout column is controlled by the rate
of rotation and withdrawal of the string. In general,
a rotation rate of 6 to 7 rpm and withdrawal rate of
18–20 min/m were adopted to suit the soil stratum. In
the cohesive clay layer, precutting by water jet and
grouting was carried out at a slower drill rod with-
drawal rate of 20–22 min/m. Excess sludge and slurry
is removed through the annulus between the boreholes
and the drill rods by air lifting effect. The completed
column is formed as a hardened cylindrical body of
soil cement mixture.

Working space and access were severely restricted
due to the requirement to maintain traffic flow through
a busy junction as well as numerous underground util-
ities (Figure 6). It was necessary to divert the traffic
in multiple stages to facilitate jet grout column con-
struction within the footprint of the available traffic
management schemes. A combination of vertical and
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Figure 6. Jetgrouting in progress.

raking holes were constructed, depending on the traffic
and utility constraints.

Quality control testing was carried out to prove the
effectiveness of the ground treatment. Core samples
were drilled and collected from 5% of the columns for
unconfined compressive strength testing. Permeability
tests were also carried out in vertical drill holes from
ground surface and water inflow measurements were
made in horizontal probe holes from theTBM retrieval
shaft to verify the water-tightness of the completed jet
grout block. The results proved to be satisfactory.

6.2 Horizontal pipe piles

Horizontal pipe piles were installed through the jet
grouted zone above the MTR TWL tunnels to provide
physical separation between the TBM and MTR TWL
tunnels, and to isolate any core stone boulders which
might be disturbed by the TBM bore.

Conventional Down-the-Hole (DTH) techniques
were adopted for the drilling operation using an
ODEX bit. The horizontal pipes were 273 mm diame-
ter 6.3 mm thick pipe piles installed at 500 mm centre
to centre spacing. The total length of each pipe pile
is about 23 m in order to extend over both MTR
tunnels and 5 m beyond the centre line of MTR up
track tunnel. Structural clearance of the horizontal
pipe piles to the MTR tunnels varies from a max-
imum of 2.0 mm to a minimum of 1.397 m. Tight
structural clearance is a combined result of the ver-
tical alignment constraints as described in section 4
above and the downward deviation of the horizontal
pipe piles. Drilling of isolated piles which infringed the
railway protection zone were permitted however this
was conditional on additional requirements for work-
ing during non-traffic hours, detailed survey checks
and comprehensive monitoring.

Controlling the alignment of the horizontal pipe
piles is critical to ensure the pipe piles do not devi-
ate downwards within 1.2 m of the MTR tunnels or
upwards into the TBM bore. Alignment control was

Figure 7. Horizontal pipe piles installed.

achieved using a down-the-hole survey method. A
survey prism is inserted into the far end of the piles, fol-
lowed by survey checks every 3 m as the survey prism
is withdrawn from the pipe.The survey check is carried
out at 5 intermediate stages for each pile as follows:
(1) before drilling and after the set-up of the drilling
mast; (2) at 4 m depth before arriving at the MTR down
track tunnel; (3) at 10m depth between the MTR tun-
nels; (4) at 16m depth before arriving at the MTR up
track tunnel; and (5) after reaching the final length
of 23 m.

Various contingency measures were developed in
the event of recording unacceptable upward or down-
ward deviation.These included replacing the pipe piles
with bundled rebar within a bentonite cement mix and
down-sizing the pipe piles to 219 mm in diameter.

7 INSTRUMENTATION AND MONITORING

The instrumentation and monitoring for the MTR
tunnels was required to meet statutory and spe-
cific contract requirements. In addition, Alert, Action
and Alarm Response levels (AAA) for building and
structure movement, utilities, ground settlement and
groundwater change were developed.

It is a pre-requisite requirement for the works within
the MTR railway protection zone that the MTR railway
and its continuous operation must not be jeopardized
and be safely maintained during the TBM crossing. As
revealed by the numerical modelling analyses, some
movements of the MTR tunnel lining may be caused by
the construction of the TBM tunnels directly above. To
ensure the safe and continuous operation of the MTR
railway at all times, an extensive regime of instru-
ments and monitoring programme was established
both inside and outside of the tunnels. The monitoring
programme was a large part of the mitigation measures
for the crossing to minimize the risks of damage to the
MTR tunnel lining and consequential interruption to
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the railway services and include the following types of
instruments and method of monitoring. Instruments
and monitoring within the MTR tunnels:

– Automatic Deformation Monitoring System (ADMS):
real-time deformation monitoring of the tunnel lin-
ing by automatic total stations within the influence
zone at the crossing

– VibratingWire Strain Gauges: real-time monitoring
of changes in the stress of tunnel lining

– Seismograph: real time monitoring of ground borne
vibrations induced by the works

– Tape extensometers: manual convergence survey of
the tunnels

– Manual track level offset surveys

Instruments and monitoring of the ground sur-
rounding the MTR tunnels:

– Vibrating Wire piezometers: real-time monitoring
of changes in pore water pressure

– Manual and automated in-place vertical inclinome-
ters: monitoring deformation of the ground and
cofferdam walls

– In-place horizontal inclinometers: installed inside
selected horizontal pipe piles above MTR tunnels
monitoring real time ground movement

– Magnetic probe extensometer: manually monitor-
ing of deep ground settlement.

All monitoring data was uploaded directly to an
instrumentation database system called “GEOMON”
which is a proprietor product from the specialist instru-
mentation subcontactor. GEOMON also managed the
data by automatically alerting designated recipients
of AAA response value exceedances via e-mails and
SMS, and could also be viewed and downloaded
remotely via the Internet.

Upon exceeding the AAA levels, procedures out-
lined in the Exceedance Plans were implemented
accordingly. During excavation for the first of the
two KSL tunnels the TBM successfully crossed over
the MTR tunnels. Insignificant movement and ground
borne vibration was recorded in the MTR tunnels.

8 CONCLUSION

The change from traditional cut-and-cover construc-
tion to TBM method enabled two new railway tunnels
to be constructed directly above one of the world’s

busiest operating railways with minimum clearance,
but no train speed restrictions or interruptions to the
services and with an excellent safety record.

The site conditions and the existing railways pre-
sented an unusually onerous range of technical chal-
lenges. The success of the MTR Crossing has estab-
lished a new benchmark for the TBM tunnelling
technique and with such recognition received would
no doubt lead to its further potential use in complex
urban environment similar to those found in HKSAR.

The project has strongly demonstrated that, for par-
ticular spatial and operational constraints, the TBM
tunnelling method can provide the best overall value
and performance in constructing new underground
infrastructures.
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