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ABSTRACT: The Island Line (ISL) of the Hong Kong Mass Transit Railway (MTR) was constructed in a
densely populated urban environment between 1982 and 1986. All buildings adjacent to the ISL were
surveyed and predictions of the settlement and distortion of these buildings were made. Intensive monitoring
of the buildings took place over the period when construction of deep excavations and tunnels took place.
This paper presents a summary of the performance of several buildings where monitoring was cariied out
and shows that predictions of settlements over tunnelling, bulk excavation and dewatering were reasonably
accurate whereas settlements due to diaphragm wall construction were substantially underestimated. A case
history is p_resented to illustrate both prediction and performance ofa specific building.

1. INTRODUCTION

Construction of the Island Line (ISL) of the Mass
Transit Railway (MTR) between 1982 and 1986
involved two principal phases of engineering 
tunnelling and station concourse construction - in
mixed ground consisting of made ground,
colluvium/alluvium, weathered rock and bedrock.
Geological conditions and tunnelling methods have
been described previously (Cater et al, 1984; Forth
& Thorley, 1993). Prior to construction a survey of
all buildings likely to be affected by the tunnelling
and excavations was carried out. During
construction monitoring of building movement was
carried out"by the MTR Corporation and in addition
public buildings were monitored independently by
the Geotechnical Control Office of the Hong Kong
Government. It has been possible, therefore, to
compare the predicted movements of buildings with
the performance. Some case histories have already
been published (Forth & Thorley, 1993, 1994,
1995; Howat & Cater, 1983). This paper
summarises the data available and provides a case
history of one building on deep foundations.

2. TUNNELLING I

Tunnelling methods have been fully described by
Cater et al (1984). In soft ground sections the

shield drives are executed using open face shields
under compressed air. In mixed ground drives
temporary steel supports were used combined with
hand mining techniques, the "ribs and lagging"
method described by Cater et al. NATM was also
used in weathered rock.

Predictions of the effects of tunnelling were
based on the Peck Method (Peck, 1969) for which
ground loss ("equivalent face loss" or EFL) has to
be estimated. EFL values were generally found to
range up to 1% for NATM and up to 3.2% for
shield drives. For tunnelling the maximum
settlement was generally calculated using i = 0.52
where i is the distance from the centre line of the

tunnel to the point of inflexion of the settlement
curve and z is the depth from ground level to the
centre of the tunnel. Back analysis gave an average
value of i= O.6z although there was considerable
scatter ofthe results (Forth & Thorley, 1993). This
is not surprising considering the variability of the
ground conditions encountered.

The running turmels were generally 6-8m in
diameter and invert level was approximately 26m
below ground level, or about 20 metres below
ground water level. The route of the tumrels was
extensively grouted and the tunnels were
constructed in compressed air.

The tunnels were lined with precast concrete
segments although in places spheroidal graphite
iron segments were used.
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3. CONCOURSE EXCAVATION

The concourse _ excavations were invariably
preceded by "preliminary" works which included
guide-wall construction, pre-boring for diaphragm
walling, bored piling or barette construction within
the concourse site, installation of dewatering
systems, and grouting before the main diaphragm
walling was commenced. Bulk excavation (and
associated dewatering) was then carried out using
"top-down" methods.

Estimates of settlement often excluded the

effects of the_ preliminary works and monitoring
results indicated that where the immediately
adjacent diaphragm wall close to a building was not
installed prior to the other "preliminary" activities
described above then the settlements were often
substantially underestimated.

4_ CASE HISTORY,

Several case studies have been previously presented
(Forth & Thorley, 1993, 1994, 1995). In this

contribution a review of the _predictions and
performance of a number of buildings is presented
and as an example one building is examined indetail. '

The building, constructed in the mid-to;lat¢
1970s (Building Plan approval was given in 1973),
is a reinforced concrete framed structure, 31 storeyg
(11_O metres) high and measures 74 metres by 45
metres in plan. It has one basement below ground
level (Figures 1 and 2)§

The foundations consist of 2 metre diameter
bored reinforced concrete piles varying in length
from 41 to 64 metres. The central piles support 3
3.2 to 4_1 metre thick raft with the perimeter piles,
in groups of 1 to 4, supporting 2_4 to 4.6 metre
thick caps. Founding levels of the piles vary from 
48 mPD on the south side to -60 mPD on the north

side. All piles are founded on what was logged as
completely to moderately weathered granite. A
trial pile on the site was founded at- an SPT "N"
value reported to be 400. SPT results in the
weathered granite are given in Table 1.
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Figure 1 : Plan of Building Figure 2 : Cross-Sections of Building



5. CONSTRUCTION ACTIVITIES

The construction activities consisted of diaphragm
walling, deep excavations and soft-ground
tunnelling. A summary of the activities is provided
in Table 2. I

All diaphragm walls were 1.2 metres thick and
constructed using panel lengths of 2.3 to 4.2 metres
dependingon the actual designs. Excavation of the
box within the walls was done in all instances by
top down methods using temporary strutting in
addition to progressive_ installation of the permanent
floor slabs. Dewatering for the excavation was by
deep wells within the box, the soil being dewatered
to one to two metres below excavation levels.
Tunnelling operations adjacent to the building used
open-face tumielling shields and compressed air.
Twin tunnels were driven adjacent to the building.

Diaphragm walling to the south-east of the
building, in conjunction with concourse piling, was
undertaken initially. This was followed by
installation of the immediately adjacent diaphragm
wall on the east side of the building. Concourse
excavation commenced some three months later

and proceeded to completion in the vicinity over a
period of thirteen months (Figure 3). The two
adjacent 7.9 metre tumiel drives passed the building
two months later (the far tunnel was driven' first,

followed immediately by the near tunnel). Both
turmels were then decompressed in stages and this
was followed four months later by completion of
the works and reinstatement of ground water levels
in the excavation.

6. OVERALL EFFECTS OF ADJACENT
CONSTRUCTION WORKS

The effects on each building of the adjacent
construction activities can be separated into distinct
causes as follows:

(a) Nearby "preliminary" works which include
diaphragm walling not immediately adjacent to the
building, bored piling or barette construction within
the concourse site, guide wall construction, pre
boring for diaphragm walling, installation of
dewatering systems and ground treatment for
tunnelling or completed walls nearby,

(b) Diaphragm walling immediately adjacent to
the building,

(0) The main concourse excavation and
associated dewatering,

(d) Tunnelling,
(e) Decompression after tunnelling, and
(El Reinstatement of groundwater levels on

comp;etion of work.
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The above effects recorded during construction
differ from the pre-construction estimates in that
"preliminary" works, tunnelling decompression and
reinstatement of .groundwater levels were not
initially considered as significant. Generally the
estimates of building settlement consisted of
settlement due to:

(a) The immediately adjacent diaphragm wall,
(b) Concourse excavation and dewatering, and(c) Tunnelling. _
The building registered some consistent, albeit

small, settlement due to preliminary diaphragm
walling immediately next to the building. The
building settled a total of 20mm during excavation
and dewatering and the building tilted towards the
excavation by a maximum of 1 3 4,900. This
settlement is surprising given that the building is
founded some 10 to 18 metres below the diaphragm
walls and 20 to 30 metres below excavation level.

It is considered the most likely reason for the 201nm
of settlement is dewatering effects causing down
drag on the piles during consolidation of the
weathered granite and superficial deposits, in
conjunction with probably high pile loads. As
extensive piezometric data is not available around
the building a theoretical estimate. could not be
undertaken. It is unlikely, however, to be
conclusive as the pre-construction estimates based
on flow-net analysis showed negligible movement.
It is also possible that inward movement of the
diaphragm walls may-have had a similar down drag
effect on the foundations resulting in the 10 to
20mm of settlement. In either case it should be
noted that this degree of movement had no effect
on a building of that size, rigidity and condition.

The effects of tunnelling on the building are
shown in Figure 4. The building behaved again as
expected and ‘settled towards the tunnel aligmnent.

The movement on the near side of the building due
to the first tunnel was 3mm and for the second
tumiel (the closer of the two) Smm. Calculation of
a possible Peck surface trough for the two tumiels
gives "equivalent face losses" of 1.4% and 1% for
the first and second tunnels respectively. The
decompression effects on the building are smaller
than tumielling settlement, being in the range from
3mm to zero.

The actual settlements recorded due to
tunnelling (including decompression) were more
than estimated. For the building the effects were
not considered significant whereas recorded
settlement was 12mm. This is in contrast to most

other buildings monitored.
Building distortion terminology follows that of

Burland & Wroth (1974).
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Figure 4 : Building Settlement Contour Plans

7. REBOUND MOVEIVIENT

A phenomenon noticed at the building on
completion of works was the upward movement
occurring most likely on reinstatement of
groundwater levels. The values of these
movements are shown in Figure 4F. The upwards
movement was 8mm representing 22% - of total
settlement. Interestingly as a percentage value of
excavation settlement it is 40% which appears quite
high given the assumption that the rebound is due
to returning water levels. As many piezometers
were backfilled during tunnelling or after work was
completed the data is not available to compare the
water level rises and rates of rise to further
determine the rebound relationship. A summary of
the building deformation is given in Table 3.

8. SUMMARY
A

Monitoring ground and building movements due to
the deep excavation and tumielling works carried
out for the MTR Island Line provided an



Table 1 : Summary of CWG "SPT" Results (CWG = completely weathered granite)

Top 5 m Top 5-10 m At Pile 0-5m Below Pile
‘of CWG , __ of CWG Founding Levels: Founding Levels

N *Nmin Nmax' N Nmin Nmax IT] Nmin Nmax N Nmin Nmax56  1_5 ' 143 68 20 141 200 - - 200 - 

Table 2 : Summary of Building and Construction Activity Details

) Construction | Size in | No ‘ Height f Pile ‘ Ground ! Pile ` SPT“N" ` Diaphragm l Distance l Excavation l Tunnel Tunnel ’ Distance t

Date Plan Storeys (m) Details 1 Level Founding Value at Wall Away Depth (m) Diameters Centre to(m) '_ (rr|PD) Level Pile Depth (m) (m) (m) Depths Tunnel(mPD) Levels (m) Centres_ (Range) . g (111)/ 1973 74 x48 31 no 2m bored 3_5 -4s to _ zoo 41 10 29 7.9 26 7/18I concrete 60

Table 3 : Maximum Values of Building Deformation

Maximum ` Maximum Maximum Maximum Damage
.Settlements Tilt Distortion Relative \` '_ DeflectionP _ 3
DW - 3
E - 20
T - 9 1 I4,900~ 1 1 8,000 1 : 10,000 None
DC - 3
Total - 36
R - 8
* P - Preliminaly, DW - Diaphragm Wall, E - Excavation,

T - Tunnelling, DC - Decompression, R - Rebound

Table 4 : Comparison of Estimated and Actual Settlements

COMPARISON RANGE OF RANGE OF A/E A/E A/E ADDITIONAL
ESTIMATES SETTLEMENT MINIMUM MAXIMUM MEAN SETTLEMENT` (mm) RECORDED DUE TO_ (mm) OTHERACTIVITY CAUSES

(111111)

Diaphragm Wall 0 - 12 4 - 77 > 10 2.9
Installation

Bulk Excavation 1 - 77 12 - 35 2.9 1.0
and DewateringTtmnelling where 0 - 49 0 - 46 2.7 1.2
ApplicableTotal 2 - 98 26 - 108 >15 1.1 1- 15No. of Buildings 11 11 ll 11



opportunity to review both the estimating methods
used for, and the measured effects of, these types of
works in Hong Kong conditions. Data reviewed
during the course of construction, and subsequent
publications by the MTRC and their consultants
involved in the projects, has led to the development
of a -number of conclusions regarding the current
methods used to estimate the effects of deep
excavations and tunnels. These are summarised on

Table 4 for 11 buildings monitored closely during
construction. The following conclusions can' bedrawn: I

(i) Building and ground settlement caused by
tunnelling in Hong Kong conditions can be
reasonably ,estimated using the methods proposed
by Peck (1969). Data on surface trough areas,
related to tunnelling methods, has been published by
Cater, Shirlaw, Sullivan and Chan (1984).

(ii) Settlements due to diaphragm wall
installation are -generally _substantial and current
design methods tend to underestimate these.
Empirical curves are available indicating the ranges
of settlements expected although further
investigation is required to produce consistent
estimations of likely movements.

(iii) Settlements due to bulk excavations and
dewatering can be estimated reasonably accurately
based on the predicted wall deflections and effective
stress analysis methods currently used.

(iv)Building deformations due to the excavation
and tunnelling induced settlements vary widely but
generally relatively little damage is recorded given
the magnitude of settlements that have been
measured. Based on limited information, angular
distortions of 11600 to 11300 appear to be
coincident with the onset of damage. The
corresponding deflection ratio appears to be lower
than previously reported and may be of the order of
0.2 x 10°3 to 0.3 x 10`3. The importance of building
condition and design 'is paramount in any
assessment of likely damage.
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