
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Geotechnical Aspects of Underground Construction in Soft Ground, Mair & Ta y/or (eds)
© 1996 Ba/kema, Rotterdam. ISBN 90 54 10 856 8

Ground movements and vertical compensation grouting during shaft

construction - Jubilee Line Extension, Green Park Station: Contract 101

gc.Mu1-ugamoonhy & G.S. Murray A. Bracegirdle
ll,ondon Underground Limited, UK Geotechnical Consulting Group, London, UK-PBall Q. J. Leiper
Bachy-Cementation JJ( London, UK Tarmac Construction, Wolverhampton, UK

/.

ABSTRACT: An emergency escape shaft forming part of the Jubilee Line Extension Project has been constructed on
a confined site in close proximity to existing buildings. Ground settlements and building movements have been
monitored. Careful construction techniques, including the use of compensation grouting have been successful in
controlling ground movements to less than those predicted assuming ’green field’ conditions.

l. INTRODUCTION

Work at Green Park is currently in progress as part of the
Jubilee Line Extension Project'(JLEP), Contract 101. At
Green Park station, the existing London Underground Ltd.
(LUL) Jubilee Line will meet the Jubilee Line Extension,
which will extend the line to Stratford. Green Park
station also serves the existing Piccadilly and Victoria
Lines.

Currently, there is no direct low level passenger
interchange between the Jubilee and Piccadilly lines, and
all emergency routes pass through the ticket hall. It is
estimated that 35 million passengers pass through the
station annually; this is expected to increase substantialQy

as a result of the \JLEP. In order to enhance passenger
safety and relieve congestion, LUL have commissioned
improvements to the station; a tunnel connecting the
Jubilee and Piccadilly Line platforms and a 9.5m diameter
emergency escape shaft are to be constructed

The scheme will introduce access for mobility
impaired persons and, in particular, the safety of
passengers will be improved by providing a secondary
means of escape to street level. A plan of the scheme is
shown in Figure 1.

The escape shaft has been constructed from the
former basement of ll-15 Arlington Street; a four-storey
reinforced concrete framed office block, which previously
occupied the site, was demolished prior to excavation of
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Figure 1: Site layout
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Figure 2: Contours of predicted settlement

the shaft. The structure was demolished within a steel
framed acoustic enclosure which now houses the
headworks, and grouting and muck handling facilities for
the project. The four-storey acoustic enclosure, unique in
the UK, protects the environmentally sensitive St. James’s

conservation' area from the noise and visual impairment
usually accompanying major construction work.

Ground settlement of up to 20mm, arising from the
shaft excavation, _was predicted prior to construction (see
Figi 2). The potential effects of ground movement,
including that from other aspects of the work, on the
prestigious masonry structures surrounding the site were
initially of concern. This paper describes the ground
conditions, the estimation of potential settlements,

I.

monitoring during construction, and the application of
compensation grouting on the project to limit settlement

2. DESCRIPTION or THE SITE 'C

The previous four-storey concrete structure on the site
was founded on piles below a single level basement. The

present work site is situated among sensitive buildings on
three sides. Brooks’s Club, built circa l800’s, ig
immediately adjacent to the shaft excavation, and has a
double-level basement. Also adjoining the site is a four
storey masonry structure with a double level basement.
Metro House, on the remaining side, is a modern multi
storey framed structure with a double level basement.

3. STRUCTURES

3.1 Brooks 's Club

Brooks’s Club comprises an original Georgian building
which has been given a Grade I listing by English
Heritage. The building is a three-storey structure, with a
basement approximately 7.8m below Arlington Street. It

is assumed the building is founded on masonry strip
footings.

3.2 Metro House (9-10 Arlington St)

Metro House is a six-storey structure adjacent to the site
with a basement 6.8m below Arlington Street; the
basement extends over the whole of the ground tloor
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Figure 3: Grouting scheme



footprint. It is assumed tl1e building has grillage
foundations.

3.3 N0 3 Park Place

N0 3 Park Place is a five-storey late-Victorian masonry
structure. The basement floor level is approximately 7.7m
below Arlington' Street. The road level steps down 4.5m
from Arlington Street to Park Place.

4. GEOLOGY

The geological strata from- surface level comprise varying
thicknesses of made ground, Thames gravels, Alluvium or
Brick-Earth, followed by London Clay (refer to Fig. 3).

Made ground was' encountered at all exploratory
locations to a minimum depth of 4.9m. The boreholes
confirmed the London Clay to be about 6.5m below
ground level which is overlain by gravel with a clayey
matrix.

Piezometer readings indicated no presence of ground
water, with the exception of one borehole, which
indicated perched water in the Thames Gravel. Boreholes
were located along the route of -the tunnel alignment and
in the centre of the shaft, to a maximum depth of 28m, to
obtain more information on the' depth and thickness of the
gravels. Further information obtained during construction
confirmed the gravel to, in parts, contain a clayey matrix.
The borehole in the centre of the shaft was dry and,
indeed, no water was encountered throughout the shaft
construction.

5. SETTLEMENT PREDICTION

Predictions of ground movement caused by the shaft were
:based on the method published by O’Reilly & New
(1982) (for tumrels), modified for vertical orientation, and
New & Bowers (1994). The settlement predictions used
assume a ’green field? site; the contours based on the
modified O’Reilly & New approach are shown on Fig. 2.
A comparison of the tvsio methods of prediction is made
on Fig. 4.

The predicted damage risk classification of adjoining
buildings due to both the shaft and tunnel construction
together with the heritage status and sensitivity of the
buildings suggested the need for compensation grouting
to mitigate any building distortions and associated
damage.

Owing to space constraints on the work site, a vertical
compensation grouting scheme was designed and rigorous
controls put in place to avoid damage to either the shaft
lining or the surrounding buildings. Subsequently, a
horizontal compensation grouting array was installed from
the base of the shaft to deal with other aspects of the
works; this is not, however, :discussed further in thispaper.
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Figure 4: Shaft settlement profile

6 GROUND TREATMENT AND INSTRUMENTATION

6.1 Ground treatment philosophy.

It should be noted that compensation grouting _in clay
remains a relatively new technique. The technique
involves a risk of heave if it is not adequately controlled.
Site control is an essential and major part of the
successful application of the technique. The layout of the
designed scheme was modified to accommodate the
existing piles, services and obstructions and is shown in
Fig. 3.

The grouting philosophy. was to mitigate ground
settlement at source. This involves pre-conditioning the
ground to ensure rapid response to subsequent grouting.
The controlled response to settlement depends on the
timely provision of concise instrumentation and grouting
records.

6.2 Instrumentation

The layout and design of the instrumentation system, data
collection and assimilation and finally, its presentation,
were vital parts of the whole process. Two independent
instrumentation systems, electrolevels and precise
levelling, were adopted. Electrolevels formed the primary
means of measuring the defomration of structures. Precise
level points were used to measure settlement of the
ground surface; on buildings they formed a secondary
means of monitoring, which complemented the real-time,
primary monitoring system. I

A combination of precise level points, in-ground
vertical magnetic extensometers, horizontal electrolevels
and an inclinometer were installed to provide a range of
movement results that would enable both the shaft and

ground behaviour to be observed. Fig. 5 shows the
electrolevel instrumentation scheme.

6.3 Grouting

There was considerable concem that the compensation
groutingf could move, distort or damage the structure of
the shaft if not executed with extreme caution. Injections
could exert localised pressures on the shaft lining
resulting in tension between rings in a vertical direction.
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Figure 5: Instrumentation layout

To minimise the risk of any such deleterious effects on
the shaft wall/a regime of grout injection sequences and
pressures were chosen to present an even stress
distribution around the shaft perimeter. This entailed
using altemate boreholes and non-adjacent injection
sleeves in any one phase of injection with a limiting
pressure at the pumps of 20 bar. In practice vertical
spacings of more than 1.5 metres was maintained
between injection positions and every third hole was used.
In addition, grout injections were allowed no closer than
4m vertical distance tothe working face of the shaft, in
order to avoid loss of grout into the workings.

The grouting was carried out through steel
tube-a-manchettes (TAMS), fitted with sleeves at 0.33
metre centres. Compensation injections were perfonned
frequently and with very small volumes in each -sleeve.
Following pre-treatment a number of injections were
performed with only 25 litres per sleeve and as few as
eight sleeves per phase. Instrumentation results were
reviewed after each phase and they formed the basis of

the plan for subsequent phases.
The grout consisted of cement/PFA/bentonite mixed

with admixtures to improve pumpability. The grout
pumps are computer controlled via the Bachy EPICEA
system, which allows grout pressures, volumes and flow
rates to be relayed to a real time display and recorded for
control and analysis.

Fig. 4 shows the predicted movements using the
modified O’Reilly & New method, assuming a volume
loss of 0.5%, compared with a prediction using the New
and Bowers approach, given by:

2S. ,,_
H

where H and x are the depth of the excavation and the
distance from the excavation respectively, and the
constant, oc, is 0.06%.

7. SHAFT CONSTRUCTION

The 9.5m intemal diameter escape shaft was constructed
from the basement of the building following its
demolition. The shaft consists of 40 pre-cast concrete
bolted segmental rings' of width 600mm and a reinforced

concrete base-plug of 1.2m deep, giving a total depth of
25m from the basement level. The shaft construction
together with the base plug was completed in
January 1996.

A conventional underpinning method was used for the
shaft construction. F ollowing- construction of the shaft
collar of width 0.6 m and depth 1.3 m, the excavation
commenced using a back-hoe mini excavator. Trimming
was carried out by hand, with clay spades, to control over

imean shaft collar movement *U* Depth of excavation (m) _ '-"Grout injection (m3) " ' Predicted movement (mm)
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excavation. Each ring was built and back grouted before
commencement of excavation for the next ring.

During the initial excavation remains of previous
brickwork construction was encountered. Additionally a
fpile group consisting of seven 400mm diameter reinforced
concrete bored piles, cast to a depth of approximately
_l2m, was excavated within the shaft. This initial
excavation, was carried out leaving a dumpling in the
centre of the shaft to minimise possible heave effects and
allow excavation to continue while the piles were being
broken out. .

F rom the shaft, two 3.85m internal diameter escape
adits will be built; these will provide the sole access for
the construction of the 4.62m internal diameter tunnel

which forms the passenger interchange subway between
the platforms of the Jubilee and Piccadilly Lines (see Fig.
1).

8. ‘RESULTS OF INSTRUMENTATION

8.1 Shaft monitoring

The graph in Fig. 6, shows the relationship of observed
settlements with the progress of- construction and injection
of compensation grouting.

Observed settlements were approximately half those
predicted at the shaft collar. The initial grout injections
are probably responsible for the slight observed upward
movement of the shaft collar in the early stages of
excavation.

The observed movements of five points at about 2m
from the edge of the shaft are of similar magnitude to the
movements at the shaft collar. For clarity, these have been
omitted from the graph.

8.2 Building Monitoring.

The perimeter party walls to the site were monitored
using precise levelling and electrolevels, allowing
observations to be made in real time. Precise levelling
stations were also established within the buildings.

Vertical movements of the party walls, of Brooks ’s
Club and No. 3 Park Place adjacent to the shaft,
integrated from electrolevels are shown on Fig. 7. Both
records show very small movements; a small heave is
seen on both records, corresponding to the pre-treatment.
Heave is also seen in early December, corresponding to
an increase in the rate of injection during this period (see
Fig. 6).

8.3 Ground Monitoring.

Magnetic extensometers and inclinometers were installed
in vertical boreholes to monitor ground movements during

the shaft sinking.
Horizontal trains of electrolevels inserted from the

shaft also cover the affected area. These electrolevels
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combined with the extensometers were intended to detect

ground movement before it propagated to the surface.
Sub-surface settlements were detected readily and these

correlated well with the settlement of the shaft collar.
However, as expected, the basement slab of the work site
did not show comparable movement or distortion because
of its inherent rigidity. A horizontal string of
electrolevels (BRC05) along the party wall with Brooks’s
Club did reveal a tendency to deflect in the form of a
trough. This, together with the qualitative data from the
inclinometer provided a good means of determining the
adequacy of each ring build cycle and phase of injection.

8.4. Grout injection

By coordinating injections of grout close to the shaft and
beneath the surrounding structures, effective control of
movement of ground and buildings was obtained.
Generally, an increase in the injection pressures correlated
with movements of electrolevels in adjoining structures;
this was used to determine that an adequate volume of
grout had been injected for any given period.

Fig. 8 shows the average pump pressure required to
inject a set volume of grout around the shaft during each
phase of injection. Phases PREI-PRE8 are pre-treatment
phases; phases STA]-STAl5 are during shaft excavation;
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Figure 8: Injection pressure per phase of grouting

a gradual increase in injection pressures _can be seen from
STA1 to STA15, as ground stresses are modified by the
vvertical compensation grouting. '

9. DISCUSSION.

The complex configuration of existing types and ages of
structures, differing basement levels, and the presence of
a piled basement slab at collar level made the prediction
of the structural response of building difficult to assess,
and monitor. Consequently, the compensation grouting
had to rely heavily upon the anticipated ground losses and
the sub-surface kextensometer results rather than waiting
for the structures 'to show movements. The limited space
available has resulted in TAMS being installed sub
vertically rather than horizontally, as is usual practice.

The total volume of compensation grout injected
(approx. 15 m3) was substantially greater than the
volume difference between the predicted and observed
surface ground loss (about 2 to 4 m3). The ratio of the
reduction in volume loss at the surface to the volume of
grout injected, or grouting ’efficiency’, is estimated to lie
between 0.2 and 0.4. Recent experience on Contract 101
and elsewhere on the .ILEP in London Clay suggests an
’efficiency’ of between 0.3 and 0.5, where grout is
injected above tunnelling Works through horizontal
TAMs. During compensation grouting around the shaft,
grout was observed sefgping through joints between
segments. Although ’bacl2’ grouting was carried out ring
by ring, as the linings were installed, secondary ’back’
grouting of the shaft was not fully completed prior to
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compensation grouting; it is likely, therefore, that some
grout was lost into the annular space between the linings
and the excavation line. It is possible that a higher
’ef`ficiency’ could be achieved if secondary ’back’
grouting of the segments were carried out as soon as
practical after primary ’back’ _grouting.

10. SUMMARY

A 25m deep shaft has been successfully constructed
within an acoustic enclosure and ground treatment used to
minimise the impact of construction within a sensitive
area of London.

Surface settlement and building deformation have been
reduced by the application of compensation grouting
during the shaft excavation. The difficulties in the
prediction of ground movements and the response of
buildings to ground movements have required a careful
approach and extensive monitoring. The shaft excavation
has been completed within metres of sensitive structures,
with minimal effect on the structures.
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