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ABSTRACT: A new sewer tunnel was required as part of a major scheme linking two pumping stations near
London. The tunnel, in very soft alluvium close to the River Thames, was constructed using the pipe jacking
technique and was monitored as part of the Pipe Jacking Research Programme at the University of Oxford.
This paper describes the monitoring work and presents some of the main fmdings Hom the interpretation of
field measurements made. The fieldwork primarily comprised the measurement of jacking forces, normal and
shear stresses at the pipe-soil interface, and the magnitude and extent of ground disturbance.

1 INTRODUCTION

Pipe jacking, including microtunnelling, has for
some time been an important technique for the
construction of small diameter tumiels, generally up
to 2m, ir1 urban areas. Craig (1983), in his review of
pipe jacking procedures, identified a need for
research into the technique and a programme in the
UK was initiated.

The Pipe .lacking Research Programme at
Oxford University commenced in 1986 and
continues today. The overall objectives of the
research programme follow the recommendations
listed in Craig’s report (loc cit) but they have been
added to and refined to reflect advances made since

the 1980s. Five phases of research have been
completed, the current phase being the sixth. The
second and third phases involved monitoring the
construction of pipe jacked tunnels under
construction. Nine tumiels were monitored between

1989 and 1996 and this paper provides a case history
of the final monitoring exercise.

The sewer tunnel that was monitored was
required by Anglian Water as part of the Thurrock
Southern Trunk Sewerage Scheme. The overall
scheme connected new and existing pumping
stations east of London on the north bank of the
River Thames.

The route of the monitored length of tunnel is
shown in Figure 1. The 1.5m intemal diameter
tunnel was driven from shaft L to N and generally
passed beneath public parkland but ran close 'to a
large residential area. The River Thames was very
close, passing approximately 300m south of the
drive. The tunnel inverts at shaft L and N were 7.0m

and 7.2m below ground level respectively, and
average depth to axis was 6.4m. It was proposed that
an intermediate shaft (shown as M in Figure 1)
would not be required during construction. The
driven length of turmel was therefore 260m.

Hydraulically, only a 1.0m pipe was required for
the sewer but the method of construction accepted by
the Client was a 1.5m pipe jack, with excavation by
an lseki Unclemole (slurry pressure balance shield)
and using steel-banded concrete pipes, to be relined
with glass reinforced plastic (GRP) pipes.

The aims of the monitoring work on the pipe
jacked tunnel can be summarised as:
i. collect information on jacking loads to

contribute to the existing body of data
ii. analyse and interpret contact stresses at the
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Figure 1. Location of monitored tunnel.
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interface between concrete pipe and ground
iii. measure ground deformation above and around

the tunnel

iv. measure changes in ground pressures close to
the tunnel.

The objectives were achieved by installing a
comprehensive system of specially developed
instrumentation within the tunnel and arrays of
conventional geotechnical instrumentation.

2 SITE GEOLCGY

Site investigation information was provided by
Anglian Water - no additional ground investigation
was carried out for the research work. Approximate
locations of the boreholes closest to the turmel are
shown in Figure 1. The site investigation had shown
the soil in the area of the tunnel to be predominantly
soft to very soft silty clay underlain at a depth of
15m by dense sand and gravel. Within the soft clay
there was a 0.5m layer of peat, approximately 5.5m
below ground level. Groimd water was about 1.8m
below the surface, very close to sea level (Ordnance
Datum). Laboratory tests on samples recovered nom
some of the boreholes largely showed the soft clay to
have a low shear strength of less than 10kPa.

3 INSTRUIVIENTATION

Instrrunentation used for the monitoring work can be
divided into two categories: pipe jacking and ground
response. The former includes instrument clusters in
the jacking pit and pipe string, and the latter arrays
of geotechnical instruments to measure deformation
and stress changes in the ground.

3.1 Pune jacking instruments

The arrangement of the pipe jacking instriunentation
on the reported scheme is illustrated in Figure 3. In
the thrust pit heavy-duty load cells on the main jack
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Figure 2. Undrained shear strength.

rams measured total jacking loads. A linear
displacement Lmit recorded the forward progress of
the pipeline. A standard concrete jacking pipe was
fitted with the following instruments:
i. twelve contact stress cells measuring total

normal stress, shear stress and pore pressures
(the cells were glued into the pipe wall with the
active measuring surface flush with the pipe
extrados)

ii. six joint movement indicators, three at each end,
measuring the variation in joint gaps

iii. data acquisition boxes and power supply.
The instrumented pipe was then inserted into the
pipe string approximately 48m behind the shield.

Any construction activities likely to affect
readings from the instruments were recorded in a
detailed site diary. The diary also included results
from regular line and level surveys carried out to
measure aligmnent of the pipeline and tunnel.

On completion of the tunnel, the instrumented
pipe was stripped out, contact stress cells removed
by over-coring, and the pipe made good for
incorporation in the permanent works.

3.2 Ground instrumentation

Instrtunentation to monitor ground deformation
comprised three vertical inclinometer access tubes
with magnetic settlement plates - shown in Figure
4a. A bi-axial inclinometer probe was used to
measure transverse and longitudinal subsurface
movements. Surface settlements were measLu°ed
using precise levelling on an array of settlement
monitoring stations.

Push-in spade pressure cells comprising
pneumatic type transducers and piezometers were
installed close to the timnel to measure in-situ
stresses - see Figure 4b. Two additional pneumatic
piezometers were installed next to the tunnel.

The approximate location of the ground
instrumentation sites along the tunnel is indicated in
Figure 1.

IN STRUMENTED PIPE TI-IRUST PIT12 contact / _stress cells d'5Pla”°e`
ment

(f unit¢/'’ thnist_ ' ring
f\’

joint load cells
on main rams

/ joint movement_ _ `nd`catorsjoint movement I I
indicators

Figure 3. Pipe jacking instrumentation.
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4 FIELD MEASUREMENTS

4.1 Pzpeline alignment

The degree of misalignment in a jacked pipeline can
be significant in generating additional interface
friction between pipes and ground, and potentially
damaging stress concentrations at pipe joints. In an
ideal pipe-jacked tunnel there should be no angular
deviation between central axes of successive pipes 
unless it is designed as a curved drive. In practice,
irregularities in ground conditions, excavation
methods and operator error can all contribute to the
front of the shield deviating Hom the intended
alignment. To maintain line and level as close as
possible to the ideal course, steering corrections are
continually made, invariably resulting in pipeline
wriggle. This was the case in the reported pipe jack

as shown in Figure 5. The alignment in both line and
level deviated from axis by 200mm in places and
followed a classic Zig-zag course. The main cause of
this poor alignment was steering difficulty due to
severe roll of the shield. Machine roll can often be
recovered by switching rotation of the cutting head
from clockwise to anti-clockwise or vice versa.'The
clay on this scheme however, was often too soft for
the head to react against and the shield would
generally not rotate to counteract the roll.

Successive surveys carried out throughout
construction of the turmel show that the pipeline
followed the excavated tunnel bore and that there
was no straightening effect. The misaligmnent of the
pipe jack was removed from the actual sewer during
the installation of the GRP relining pipes.
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Figure 5. Pipeline alignment.

To avoid joint damage in concrete jacking pipes
due to misaligmnent, the Oxford research has shown
that it is desirable to keep angular deviation between
successive pipes to less than O.5°. Instruments
measuring joint gaps at the ends of the instrumented
pipe indicated _ a maximum angular deviation
approaching 0.5° at the rapid change in line after
jacking 14Om_ An inspection of pipe joints showed
no visible spalling in the pipes that passed around
the curve at 140m.

4.2 jacking loads

The record of total jacking loads for the tunnel is
shown in Figure 6. Average frictional resistance
lines have been added to the graph of measured
loads. The first 130m of the turmel were driven
without lubrication and the resulting increase in
jacking resistanee was a relatively uniform 25kN/m.
Double shift working meant that there were few
stoppages and time-dependent peaks in re-start
jacking loads, typically found in stiffer clays, are
absent. The only significant cessation in tumielling
was a weekend shutdown that resulted in a large



peak in the re-start load measuring almost 6000kN.
Having registered the large increase in load, the
Contractor opted to introduce a bentonite lubricant
before jacking any further. Jacking forces for the
remainder of the now lubricated drive fell rapidly to
a lower line of resistance of l4kN/m. The mean
interface shear stresses, obtained simply by dividing
total jacking load by area of the pipes (assuming
Lmiform contact along and arotmd the pipeline), are
4.4kPa and 2_4kPa for unlubricated and lubricated
lengths respectively. Values of mean interface shear
stresses should be used with caution in design
because the Oxford research has generally shown
pipe-soil contact to be non-uniform in many types of
ground. Pipe-soil contact for this particular tunnel is
discussed in more detail below.

An indication of the penetration resistance of the
shield was obtained by extending the lines of
average resistance back to the intercept of the
vertical axis of zero distance. For the unlubricated
length of tunnel the penetration load was 680kN; the
lower line of resistance due to lubrication results in
an intercept of 746kN.

The abrupt drop in jacking loads due to
lubrication onto a lower line of resistance, together
with the average lines of resistance having a very
close intercept on the vertical axis, is an indication
that the lubricant was equally effective over the
initially unlubricated section. It appears that the
bentonite lubricant was able to reduce friction along

During pushes, pore pressures (considerably in
excess of the ambient ground water pressure) and
total normal stress readings around the pipe were
very similar resulting in low effective stresses with
average values of about 20kPa. Shear stresses were
also consistently low with an average value of 8kPa_
Surprisingly, the introduction of lubricant had little
effect on reducing shear stresses around the
instrumented pipe - only local reductions along one
side of the pipe were observed.

The relationship between shear stresses and total
stresses is illustrated in Figure 7. There is little
pattern to the relationship; scatter is substantial
arotmd apparent clusters of data points. The effective
stress/shear stress relationship was not any clearer.
There was insufficient evidence, due to the erratic
nature of the interface stress relationship, to show
clearly cohesive or frictional type behaviour in the
soft clay.

4_4 Pressure cell readings

Information from the embedded stress cells is shown
in Figure 8. Above the tunnel, at cell 1, significant
increases in pore pressure and total stress were
detectable with the tunnel face 5m from the
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instrument (unfortunately intermediate readings
could not be taken with the shield between 45m and
5111 away). As the turmel face approached the
instrument, pore pressure increased from the initial
value of 43kPa to a peak of 155kPa, almost a
fourfold increase. The increase in total horizontal
stress was also large, from the initial value of
157kPa to 290kPa but the resulting increase in
effective horizontal stress was small. As the drive
progressed and the tunnel face moved away from the
instrument, excess pore pressure began to dissipate
and the total stress fell. The tunnel was complete
after driving 40m from the instrtunent so the abrupt
drop in stress shown at 40m in Figure 8a, represents
a stress change with time. At the final set of
readings, taken 219days after completion, excess
pore pressures had almost dissipated fully and the
total horizontal stress had fallen ahnost to its initial
value.
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Figure 8. Variation ir1 pressure cell readings with
tunnel progress.

As the tunnel face approached cell 2, adjacent to
the tunnel, excess pore pressure of l7kPa was

relatively small and there was a reduction in total
stress of l0kPa. After the face passed the instrument,
total stress decreased ftuther and there was some
dissipation of excess pore pressure. At the final set
of readings, total stress had fallen by 20kPa and
excess pore pressure had not dissipated fully.

4.5 Subsurface movements

Figure 9 shows the transverse deformations
measured in inclinometer tubes B and C. Tube A
was directly over the tunnel centre line where
transverse movement was negligible - less than
3mm. The movements shown were interpreted from
the final set of inclinometer readings. At tube B,
1.5m from the tunnel centre line, the maximum
movement was about 90mm around tunnel axis
level. Further from the tunnel, at tube C, the
maximum movement was about 20n1m. During
construction, significant transverse movements of
around 20mm were detectable with the face 3m from

the site of the tubes. Corresponding longitudinal
movements at tubes A and B were between 5 and
10mm in a direction away from the face;
longitudinal movements at tube C were negligible.

The combination of access tube deformation and

vertical movement of the settlement plates is shown
as movement vectors in a transverse plane in Figure
10. Movements over the tunnel centre line are
primarily vertical - magnitude of settlement plate
movement was about 60mm. Adjacent to the tunnel
vectors generally suggest over-pressurisation of the
face support slurry. Below tunnel invert level, at
l0m below ground level, movements were
negligible. However, in tube B, the direction of the
vector around tunnel invert level is surprising and
may have been influenced by the layer of peat. The
general pattern of vectors suggest that significant
heave occurred above the tunnel at that location.
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Figure 9. Transverse deformation of tubes B and C
(measurements taken 2l9days after tunnel
completion).
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Figure 11. Surface settlements taken 28 days after
tunnel completion.

4.6 Surface settlements

Surface settlements were measured on a series of
pegs separated from the other ground
instrumentation by about 15m. Measurements taken
on the pegs 28days after tunnel completion are
presented in Figure 11. Surprisingly, the expected
heave did not occur at that location. Instead the
observed movements_ compare well with a predicted
settlement trough calculated using methods outlined
by Peck (1969) and O’Reil1y and New (1982). The
reason for this is thought to be a reduction in face
support pressures after information regarding the
large subsurface movements was reported to the
machine operators. With hindsight, settlement pegs
should also have been installed at the same location
as the inclinometer access tubes.
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5 CONCLUSIONS

The principal ,conclusions from the monitoring work
presented in this paper are:
i. Poor alignment of the drive was primarily due to

steering difficulties caused by severe machine
roll in the very soft ground.

ii. The limiting jacking load for the misaligned
jacking pipes was approximately 6000kN. Had
the weekend stoppage not occurred, it is
suggested that the drive could have been
completed without lubrication.

111. On being introduced, it appears that lubricant
was equally effective along the whole length of
the drive.

iv. Shear stresses recorded around the instrurnented
pipe were consistently low, both before and after
lubrication, at around 1OkPa.

v. Measurements from the piezometers and
embedded spade cells showed large excess pore
pressures as the tunnel advanced, reflecting high
pressures generated at the face by the slurry
machine. As a result of this, large and
permanent subsurface displacements, away from
the excavation, were measured.
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