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ABSTRACT

The reported work constituted the third phase of a programme of research into the
performance of concrete pipes during installation by the pipe-jacked tunmelling
technigue. This third stage was a continuation of the on-site monitoring of full-scale
pipe jacks during construction. Four schemes were monitored in different ground
conditions: London clay, deuse fine sand below the water table, stiff glacial till and
soft alluvial clay. Pipe sizes ranged from 1000mm to 1800mm internal diameter and
excavation methods included hand tools, slurry machines and an open face tunnel
boring machine.

The main objective was to callect information on jacking loads and stresses at the
pipe-soil interface to provide a better basis for future designs. This was achieved by
building twelve stress cells - capable of measuring total normal stresses, shear stresses
and pore pressures - into the wall of a standard concrete jacking pipe that could be
inserted anywhere in the pipe string. Jacking loads and forward movement of the pipe
string were simultaneously recorded and the resulis were comrelated against site
activities, including lubrication operations, and tunnel alignment surveys.

Another objective was to monitor the ground response by measuring displacements
around the tunnel and ground pressures above and perpendicular to the intended line.
Ground movements were measured using conventional surveying techniques for
surface settlements, and inclinometer access tubes for sub-surface deformation. On
one scheme, electro-levels were employed in a near-horizontal tube to measure centre
line settlement as the tunnel bore advanced. Push-in spade cells and pngumatic
piezometers were installed on two schemes to measure the change in horizontal
pressures with the passage of the shield.

Because of the myriad data collected, it has only been possible to present a summary
of the results obtained. Jacking force records from all the monitored schemes -
including thc previous fieldwork stage — are presented. The pattern of jacking load
build up and the magnitude of frictional resistance can differ significantly according
to the type of ground and use of lubricants. Stress measurements at the pipe-soil
interface show that the interaction between jacking loads, pipeline misalighment,
stappages, lubrication, excavation technique ete, is highly complex.

Ground movement measuremerts compared to well established empirical predictive
methods show that short-term displacements are related to ground losses caused by
closure of the overbreak void between shicld and pipe.
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chapter one

introduction

1.1  PIPE JACKING

Pipe jacking is the pame given (o a technique used to form man-enry size
diameter tunnels by pushing a 'strmg’ of pipes through the ground from a thrust (or
jacking) pit to a recerving pit Man-entry diameters vary between countries but
900mm is widely accepted as the lower limit; diameters less than 900mm are generally
categonsed as microtunncls Hydraulic rams in the thrust pit jack the pipes forward as
the ground in front of the pipeline is mined, Figure 1 1. Methods of excavation can
range from hand diggmg within a simple shield, Figure 1.2, to highly sophisticated
machwnery as illustrated in Figure 13 Like conventional tunnelling, slurry pressure
machines or earth pressure balance machines can be used 1 poor ground to support
the tunnel face The external diameter of a cutting shield will conform closely to the
size of the jacking pipe reducing the annular space, or overbreak, to a mumum
(typically less than 20mm on the diameter). This overbreak can be filled with
pressurised lubricant to support the ground and reduce frictional resistance

Thompson (1993) reports some of the earliest concrete pipe jacks as being
carried out n the United States and Europe wm the 1930s. In Japan, a market leader m
developing microtunnelling technology, concrete pipes were first jacked in the late
1950s When first miroduced the technique was seen principally as a method for short
straight crossings (through soft ground or weak rock) of roads, raillways and
waterways Advances in opcerative skills and jacking equipment, gained more from
expertence than scientific understanding, saw pipe jacking increasmgly bemng used for
many sewer 1nstallations by the 1980s Longer drives, greater depths and unstable
ground conditions prompted mechanical developments in equipment for excavation
and spoil removal and improvements in surveymg equipment for alignment control.

The many developments m pipe jacking in recent years include the injection of
bentonite or simmilar grouts nto the overbreak to decrease skin fiiction; the use of
ntermediate jacking stations (Figure 1.4) to reduce jacking loads; and pipe jomnts with
mcreased bearing areas to reduce joint stresses. Although the method 1s now

acceptable to many engineers, in the 1980s some specitying authorities had htle

11
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Figure 1.1 Typical arrangement of pipe jacking and microtunnelling equipment
(courtesy the PJA).

Figure 1.3 Typical mechanised excavation methods (courtesy the PJA).
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iroddaclon

confidence n the technique due to some unexpected failures (Shullock, 1982) and the
high cost and difficulty of the remedial work. It became evident that there was a need

for research mto the technique and a programme in the U K. was mitiated

Figure 1.4 Intermediate jacking stations (courtesy the PJA).

1.2 THE RESEARCH PROGRAMME

The research programme into pipe jacking st Oxford Umversity has now been
in progress since 1986 1t was prompted by the Pipe Jacking Association (PJA) and
the Comstruction Industry Research and Information Assocration (CIRIA) with a
review of procedures published as ‘Pipe Jacking, a State of the Art Review’, Craig
(1983). The overall objecteves of the research follow the recommendations listed in
the report by Craig (loc cat):
1) prediction of frictional resistance m different ground conditions,
11} load/deflection characteristics of different jomt packing materials,
m)  the elfect of cyclic loading on pipes at mtermediate jackng stations;
iv) the effect of Iubrication in reducing frictional resistance,
V) the development of a site investigation test to betler predict frictional forces.
The measurement and prediction of ground movements associated with pipe jackng
has been added to the list of objectives

Stage 1 of the research project, from 1986 to 1989, was laboratory based and

nvolved the testing of model concrete pipes with different joint packing materials,

13
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Ripley (1989) The main findings from Stage 1 were that steel-banded butt joints are
supertor to in-wall spigot and socket jonts for transmitiing jacking loads, and that
medium density fibreboard was the most suitable joint packing material, Stage 2, from
1989 1w 1992, nvolved the monitorng of actual pipe jacks in different ground
conditions by mcorperating a specially-mstrumented pipe m the pipe string on five
schemes, (Notris 1992b) — results [rom this second stage of work are summarised by
Milligan and Norris (1994).

This thesis reports the third stage, which also mvolved the monitoring of full-
scale pipe jacks but with a dilferent emphasis to the previous phase The structural
performance of pipes and pipe joints during jacking 1s now, as a result of Stage 2
research, reasonably well understood However, after Stage 2 there remained
considetable uncertainties regarding pipe-soil interface stresses i some ground
conditions and the effects of pipeline misalignments on these stresses The special
instrumented pipe m this reported stage contained a greater number of instruments so
that mote information could be gathered on the distribufion of interface stresses along
and around thc pipe Measurements were also made of the ground response,
movements and siresses, m the different ground conditions of Stage 3 schemes The
wo fieldwork phases have been supported by the PJA, the Engineering and Physical
Sciences Research Council' (EPSRC), and five U K water utility compames (North
West Water, Northumbrian Water, Severn Trent Water, Thames Water and Yorkshire
Water)

Running concurrently with this reported phase was Stage 4, a numerical
modelling based exercise, supported by EPSRC, to model variations m concrete pipe
jomt design The most promising modifications were constructed in model concrete

pipes and tested 1n a simphfied form in the laboratory, Zhou (1998).

1.3 STAGE 3 RESEARCH

In site selection for Stage 3 research, differing ground conditions were
required with particular emphasis being placed on a scheme 10 London clay, as only
Iimited data were obtamed trom such conditions in Stage 2, and m soll clay, as no

such scheme had yet been momitored. The monttoring of five schemes was planned,

' Previously named the Science and Engineering Research Couneil or SERC

14
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but construction of the proposed final scheme was delayed and as a consequence
could not be mncluded within the fieldwork programme. The five sites monitored
durmng Stage 2 will throughout this thesis be referred to as Schemes 1 to 5 and for
consistency and for clarity, Stage 3 schemes will follow the sequential numbermg as
Schemes 610 9

The progress of Stage 3 research 1s presented in Figure 1.5 The design of
modifications to instrumentation and the data acquisition system, instrument
manufacture and calibration procedures took up the first year The next year and three
months saw the fieldwork on four schemes carried out. Progress of the pipe jack on
Scheme 8 was slow due to unavoidable tunnelimg delays and the planned monitoring
period of one month took about seventeen weeks. The three-year project period was
extended by six months to try and momtor a proposed Scheme 10, but the start date
was set back even beyond the extended period. The author was unable to complete
analysis and writing up within the forty-two month coniract pemod. Durmg the
fieldwork a two-second logging rate produced an enormous amount of data —
approximately three million data points This created many problems m handhing data,
computing, data processing and detailed analysis and has been a contributory factor
the prowracted writing of this thesis Wrth hindsight, a slower sampling rate should
have been adopted to restrict data to an amount that could have been reascnably

handled by one person

1992 1993 | 1394 1668 1988 [ 9867 I 1538
NO[JFMAMMASOND | JFMAM JRASOMD | JFMAMIASOND SOND | JFNAM JJASONE: | JFMAMLIASOND

| Famdiarieation ==

Instrumsat -
| devolopment |

Cahbration = I 1 1 I preparaaon for schems 10)
Faidwork pmpamtmn ] 1 | I

Seheme & montanng [ |

Schema 7 montorng [ ]

Schema 8 rnonﬂ-c:rng L

Scheime 9 mondonng |

Data pracassng 1 I )

Preliminary analyss 1 1 1

Dmaied analyses e
. Thess/Final repart 0
‘I £nd of Stage 3 contract *

[T denetes panl-time working whlat emploved full tme by Ghares Haswell & Partnars
and includes an axtended leave of absence

Figure 1.5 Stage 3 research programme.
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The total budget for Stage 3 rescarch was approximately £300,000, provided
by the EPSRC, the PJA and the five sponsoring water utility compares. Additional
fieldwork costs amounting to about £15,000 per scheme (for the manufacture of a
special pipe for mcorporation of nstruments, a lmer to protect the instrumentation,
any loss of production due to the research and instrument retrieval) were carried
mainly by the water companies Work was completed within the allowed budget
despite the special conditions associated with site-based research. The work was
overseen and guided by a management group, the membership of which 15 given m
Table 1.1. The research team met and reported to this group four times a vyear.
Research funds were managed through a special account with the PJA, except the
EPSRC contribution that was managed directly through the University to suppart the

author.

Institution Representative

Pipe Jacking Association JA‘NT;:EEIH’" /P Jacques
(A. Marshall)

North West Water P Moore* /B Cox
Northumbnian Water T. Thomson* / E Styan
Severn Trent Water R. Farley* / G Bateman
Thames Water P. Homersham
Yorkshire Water P. Freckleton

Oxford University G Milligan

* denotes replacement during contract period.

Table 1.1 Composition of thc management group.

Thus thesis for Stage 3 research contains seven further chapters Aspects of the
pipe jacking technique are discussed in Chapter 2. A comprehensive review of results
from Stages 1, 2 and 4 s presented before summarising other recent site-based
research in the United States, Europe and Japan.

Chapter 3 provides a description of all instrumentation, comprising pipe
jacking and geotechnical mstruments, and also includes some modifications and an

instrument that could not be fulfilled for use in the field. Chapier 4 describes the site

16
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selection procedures and provides scheme details for the fieldwork element of the
research.

The mam results of Stage 3 work are presented in Chapters 5 to 7 — Chapters 5
and 6 also include some data from Stage 2 schemes (after Norris 1992b) Only a
fraction of the many dara collected during Stage 3 monitoring can be included n the
thesis and the author has endeavoured to present representative samples. Chapter 5 1s
concerned with jacking loads and the influence of stoppagcs, bentorte lubrication and
pipeline misalignment are considered in relation to the ground conditions. Local pipe-
soil inlerface stress measurements are mcluded as Chapter 6, which also considers the
affects of the above construction-related factors

The resulting ground response due to pipe jacking operations at the reported
four schemes 13 the subject of Chapter 7 and includes stress changes and ground
movements. Measured surface seftlements are presented and compared to predicted
settlement profiles. Subsurface displacements close to the tunnels are evaluated and
detarled measurements from a series of electro-levels show the development of a
subsurface longitudinal settlement profile just above a tunnel in stiff glacial clay

Conclusions drawn from the fieldwork are mcluded in Chapter 8 together with

recommendations for future research

17
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chapter two
literature review

2.1  INTRODUCTION

The pipc jacking technique for installing monolithic tubes as a tunnel lining
had fis earliest recorded use in the United States at the turn of the century, Loving
(1938). Its early use was predominantly for rail crossings that would otherwise have
been completed by more traditional methods of open-cut trench or tunnel by heading
Thompson (1993) provides a general historical perspective on the use and
technological development of the technique to the present day

Pipe jacking 1s now used for many small diameter tunnels, typically 200mm 1o
3000mm internal diameters, m soft ground and rock. Some authors, particularly n the
United States, prefer to distinguish between pipe jacking and microtunneliing
according to the excavation technique, where pipe jacking involves manual or
mechanical excavation by operators al the face and microtunnelling 1s remotely
controlled from the surface (Chapman, 1996)

Pipe jacking applications include short crossings, multiple sewer lengths and
primary limings that can be economucally adapted o smaller diameters (by re-
mverting) or used for the accommodation of public utility pipes and cables. Many,
mcluding the American Concrete Pipe Association (1960), Clarkson and Thompson
(1983} the Pipe Jacking Assaciation (1995a), and Thompson (loc cit) describe the
principles of the techmique. The UK Pipe Jacking Association (PJA) provide notes
on the benefits of pipe jacking, its applications, design examples (Pipe Jacking
Assoeiation, loc cit and 1995b), and also summarise results and recommendations
from the Oxford research Stages 1 and 2 (Milligan and Norris, 1994).

Pubhished books on pipe jacking and microtunnelling include Stein et al
(1989) and Thompson (loc cit). The former presents a comprehensive source of
technical information on many aspects of microtunnelling, also apphicable to pipe
Jacking, whlst the latter provides a review of the techmique and its applications and

summarises results from some of the previous research.

2.1
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2.2 SUMMARY OF RELATED WORK

2.2.1 Oxford Research

2211 Stage 1

Pipe jacking research, prior to the work reported here, includes Stages 1 and 2
at Oxford University. The laboratory research of Stage 1, Ripley (1989) and Milligan
and Ripley (1989), investigated concrete pipe behaviour during installation and the
use of packing materials m pipe joinis. Microconcrete model pipes were used to
primarily study the distribution of stress concentrations between misaligned pipes and
the ability of different wood based packing materials to reduce these concentrations

The mam results from this work suggested that:

= Thick packing matenals are most beneficial.

* Misalignment angles greater than 0 2° combined with high axial loads are to be
avoided.

* Wet packing materials improve load transfer capabilities by up to three times

*  Cyclic loadmg conditions need to be considered due to permanent compression of
packing material.

* Of the materials tested, 18mm thick medium densuy fibreboard gives the greatest
capacity for fransmitting jacking loads and for diswibuting concentrations of
stress.

Ripley’s work mproved the understanding of concrete jacking pipe behaviour
by wdentifying the mam pipe [ailure modes; it also confirmed the superiority of butt to
in-wall jomts for jacking pipes. The work was not however able to progress the

understanding of the interaction between pipes and ground.

2.2.1.2 Stage 2

The first phase of monitoring the performance of full-scale pipe jacks has been
termed Stage 2 and is described m detail by Norris (1992b). The total budget of about
£220,000 was divided between the SERC, the PJA and the five water companies histed
earlier in Section 1 2 Work was completed within budget and within the programmed
three and a half years Details ot the five schemes monitored are presented i Table
2 1 and the mstrumemntauon is lustrated m Figure 2.1. On completion of the fieldwork

most instruments were m working order and were to be used, some in a modified

22
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form, during Stage 3 research. Design of the instrumentation and data acquisttion

systems are described in Norris and Milligan (1991) and Norris (1992a).

Scheme No

1 2 3 4 5
Location Bolton, Gateshead, Honor Oak, | Chorley, Cheltenham,
Lanes. Tyneside SE London Lancs Glos
Date August January March July December
1990 1991 1991 1991 1991
Ground Type | Suff glacial | Weathered London Dense  silty | Sand and
clay mixistone clay sand gravel
Pipe SIZE 1200 1350 1800 1500 1200
(I/D mm)
Depth (m) 13-15 7—11 11-21 710 4-7
Length {m) 60 110* 78 158 384
Excavation | Hand Hand Hand Hand Slurry TBM
Client North  West | Northumbtain | Lhames Waler § North  West | Severn  Trent
Waier Water Water Water
Contractor l.aserbore DCT Barhale Barhale Laitley
Pipe Supplier | Buchan ARC Buchan Spun Conc Spun Cone
* denotes monitoring for only part of drive
Table 2.1 Details of Stage 2 schemes.
THRUST RING
3No.3dimensicnal  INSTRUMENTED PIPE
joint movement
mndicators
4 No 2007
jack lead
cells
& No.pore pressure | 3 No. joint
6 No. tube probes movemnent
extensometers ndicators
12No Joint 4 No cortact stress

pressure celis

transducers

incorporated into
packing rmatenal

Figure 2.1 Schematic of Stage 2 instrumentation (after Norris, 1992a).
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At the five monitored schemes, pipe internal diameters ranged from 1200 to
1800mm with cover depths from 1.5 to 21m. Ground conditions included a wide range
from highly plastic London clay to sand and gravel. The first four schemes were
relauvely short hand-excavated drives; Schemes 1 to 3 were unlubricated while at
Scheme 4 lubrication was used only during the later stages. The final scheme was a
longer slurry machine drive that was lubricated throughout The instrumented pipe
allowed measurement of contact stresses between pipe and ground, pipe jomt stresses
and pipe and joint compressions. Jacking loads and movement of the pipe string were
also measured and all the results were correlated agamst a detaled log of all site
activities and tunnel alignment records

Measurements of angular deviation at the pipe ends coupled with pipe barrel
strains (measured by tube extensometers) and joint pressure ccll measurements
allowed load-paths through the instrumented pipe to be determined, Norris (1992b)
and Norris and Milligan (1992a) Load-paths vaned from acting along one edge of the
pipe (edge loading) to acting diagonally from top to bottom or side to side {diagonal
loading) over the pipe length. On all five schemes the pipe sirains were always within
the elastic range for the concrete and no cracking was observed mn the pipes It was
concluded therefore that the pipe barrels could be designed as stocky columns for the
full range of possible loads.

Pressure cells in the pipe jownt measured high stress concentrations for joint
misalignment angles as small as 03°. The Australian Concrete Pipe Association’s
design approach (Appendix A) was found to give reasonable predictions of the
measured stress concentrations, provided an appropriate value was used for the
packing material stiffness Using this approach Norris (1992b) produced design
curves giving allowable jacking loads on pipes for increasing jomnt misalignment
angles with different packing matenal types, widths and thicknesses. The work has
shown that, even if relatively high local stresses are allowed in the concrete pipes,
allowable jacking loads are severely curtailed at a joint angle of 035° and that
considerable benefits are obtamed by using thicker and softer packers.

The state-of-the-art work completed by Norris (loc cit) considerably advanced
the understanding of the behaviour of concrete jacking pipes and their joints under

loading m actual pipe jJack conditions. Other advances from his work mncluded:
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developments in field mstrumentation and a demonstration that major momitoring
exerciscs can be carried out durmg pipe jacking with liftle disruption to construction
operations The elaborate arrangement of mstrumentation allowed the simultaneous
measurement of jacking [oads and nterface stresses to be related to time, distance and
misalignment. With regard to the measurement of pipe-soil interface stresses however,
the use of instruments separately recordmg pore pressures and radial stresses created
difficulties, due to the rapid variation of stresses during pushing, in interpreting
effective stresses. Further research required mstrument modifications to merge these
two cell types

Elements of the Stage 2 research that required further mvestigation were
identified as the effects on total jacking loads and interface stresses of stoppages,
lubrication and misahigned bores A greater number of contact stress cells, modified to
mclude pore pressure measurement, was needed to examme the variation in contact

stresses along and around jacking pipes

2213 5tage 4

The fourth stage of the research programme ran concurrently with Stage 3 and
mvolved the wse of finite element modeling to apalyse jacking pipe jomts
incorporating compressible packing material, Zhou (1998) TInitial analyses
mvestigated stress concentrations in pipe Joints and demonstrated the importance of
using packing material with low Poisson’s rauo The numerical modelling was then
extended to investigate stress distributions in misaligned pipes, first m amr then in soil,
under edge and diagonal loading conditions. Results from the numerical model
compared sufficiently well with data from earlier model tests and field measurements
(from Stage 2} to give confidence that it could be used to study deformations and
detailed stress distnbutions in concrete jacking pipes.

The analytical work and earlier experimental work m Stage 1 had suggested
that mmor changes to the pipe joints may allow increased jacking loads while
reducing the likehthood of damage. Small-scale model pipes with modified pipe joints
were tested under uniform and non-uniform end loading conditions, Zhou (loc cit)

The results from these experiments were sufliciently promising that a further one-year
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project was carried out mvestigating new ideas to umprove the structural performance

of pipe joints, Holt et al (1997)

2.2.2 Pipe Jacking and Microtunnelling in Europe

In the UK. a laboratory based study concerned with ground behaviour
associated with trenchless operations, including pipe jacking and microtunnelling, has
been carried out at Loughborough University, Chapman (1993). In a project at City
University, the response of the ground to the mstallation of a full-scale pipe jack was
monitored in the field and is reported by De Moor and Taylor {(1989). Some results
from these projects are discussed n Section 2 5.

Ground movements, jacking loads and tunnel alignments have been measured,
generally by contractor or client, on several pipe jacks and microtunnels in the UK
Case histories include Rogers et al (1989) and Atkin (1993)

Research into microtunnelling in Germany has been summarised in the English
language by Stein et al (loc cit). In France, seven full-scale microtunnels were
monitored at five different sites as part of the national French ‘Microtunnels’ project
to provide data on jacking forces and pipe friction (Kastner et al, 1996).

Any results from the European research that are relevant to this thesis are

discussed below.

2.2.3 Microtunnelling in the United States

In the United States there is a microtunnelling test programme underway at the
US Armmy Waterways Experiment Station (WES). Microtunnelling tests were
performed during September and October 1992 (Bennett and Taylor, 1993). The
research involved microtunnelling through a specially constructed test bed, 4m deep,
comprising six different types of soil. The ‘man-made’ ground profile include
compacted layers of silty clay, dry sand, highly plastic clay, wet sand, clay gravel and
st The test facility was heavily mstrumented with inclinometer tubes (vertical and
horizontal), seitlements plates and surface survey points to evaluate ground
movements Jackmg loads, cutterhead torque and jacking pipe strains were also

measured Some problems were encountered during the tests and few data have been

published to date.
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One element of the project, for which some results have been published, was a
600mm diameter microtunnel test using a slurry machine, Bennett et al (1994)
Ground movement results are reparted as bemg less than 6mm at all levels but the
authors do not indicate how these measurements compare to predictions, After a 3 day
shutdown during the test, jacking loads increased by over 70% and the pipc string
could not be moved An investigation trench revealed clay bemg m intimate contact
with the pipes. lubricant had not been used during the test. To allow the test to
proceed, portions of the test bed were excavated to reduce soil resistance loads In all,
followmg the shutdown, eight failure incidents are rcported to have occurred
including damage to thirteen jacking pipes Evaluation of the many data collected and
of the failure mcidents continued but conclusions have not yet been published

Coller et al (1996) present jacking loads measured on seven [ull-scale pipe
Jacks mstalled at various locations in the Uniled States. The factors affecting jacking
forces are 1dentified ard explored and lead the authors to draw conclusions and make

general recommendations on lubrication, the overbreak and misalignment

2.2.4 Research in Japan

The first instance of pipe jacking/microtunnelling m Japan was in 1948 when a
600mm diameter cast won pipe was installed to carry a gas pipeline under a railway
Strict restrictions imposed on occupying road space have resulied in the technique
becoming very popular there. Technological advances have been considerable but
publications in the English language are few. Kanar1 et al (1996) report recent
research in developmg “stress absorbers’, packing material i pipe joints, to prevent

concentration of stresses when jacking around large radius curves.

2.2.5 Pipe Barrel and Pipe Joint Behaviour

A discussion on pipe barrel and pipe joint behaviour has been deliberately
omitted from this thesis since they are not major issues i Stage 3 research These
topics are discussed in detail by authors including Ripley (1989), Norris (1992b) and
Zhou (1998),
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23  JACKING LOADS

The total jacking load is the force required to overcome frictional resistance of
the pipe string and face resistance at the shield Accurate prediction 15 important to the
design of the jacking pit and thrust wall; selection of jacking equipment (jacking
frame and main rams) and jacking pipe wall thickness; the need for and placement of

mitermediate jacking stations; and lubrication requirements

2.3.1 Penetration Resistance

Penetration or face resistance opposes the advance of the shield and vanes
according to 1ts shape and boring action. For open face operations (hand excavation
and auger or cutter heads) the resisting force is primarily related to the diametet of the
cuiting edge of the shield Cutting edge resistance has been extensively researched in
Germany and 15 summarised by Stein et al (loc eit) who also provide various methods
for calculating the resistance. In slurry tunnelling operations, the penetration
resistance mamly comprises boring head contact pressure and the supporting hydraulic
pressure To avoid settlement or heave of the ground the boring head contact pressure
should be equal to the lateral earth pressure at rest hydraulic pressure should be set to
match the hydrostatic pressure of the groundwater. Stein ev al (loc cit) also provides
methods for determining the face resistance in sluery pressure balance operations.

The penetration resistance component of total jacking loads has not yet been
explicitly measurcd as part of the Oxford fieldwork monitoring On jacking records,
as measured by load cells on the main jack rams, the mtercept at zero length 13
assumed to represent a constant face resistance whereas mn practice the resistance
would probably vary throughout the drive Using thus assumption the face loads from
Stage 2 pipe jacks were found to vary between 100 and 1200kN. The larger face
resistances were recorded for the slurry machine and when the shield was used to trim
the excavation 1n strong cohesive soil. the smaller values occurred in stable cohesive
soils where the face was excavated by hand to the full diameter of the shield.

Norris {1992b}), during Stage 2 fieldwork, only managed to monitor one
mechanised pipe jack at Scheme 5. As hand-excavated pipe jacks are becomung few,

further tieldwork monivoring of mechanised drives was required.
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2.3.2 Frictional Resistance

Frictional resistance results from the integration of skin friction acting on areas
of the external surface of pipe string and shield This thesis is concerned only with
friction on concrete pipes and the factors influencing that resistance. In the U K., the
mean interface shear stresses assembled by Craig (1983), Table 2.2, have typically
been used to predict jacking forces, the experience of German practice (Stein et al, loc
cit) is also reproduced in the table. The authors fail to provide any detail on how the
interface shear stresses have been amved at. Craig (loc cit) only states that the
information was obtained from representatives from all sides of the industry. It 1s
suggested that the quoted values are based on stabilised jacking loads read from crude
instrumentation on jacking rigs the accuracy of which may have been questionable.

The values contained m Table 2.2 are of too broad a range to be of practical
use and should not be used with any degree of confidence for design purposes Also,
frictional resistance should be quoted m terms of force per metre because mean shear
stress implies uniform contact around the pipeline and contact stress data from Stage 2

research generally show non-uniform contact around the instrumented pipe

Ground Type Mean interface shear stress (kPa)
UK (Craig, Germany (Stein ! France (Craig, | Australia (Craig,
1983) ct al, 1989) 1983) 1983)

Rock 2-3 1
Boulder clay 5-18 3-18

“Furm clay 5-20 5-9 8 - 10 5-8
Wet sand 10-15 2-16 i 13
Silt 5-20 5-9% 17
Dry dense sand 1-7 i
Dry loose sand 25-45 2030
Tl upteds |
Dense gravel O 2-6 50

Table 2.2 Typical values of mean interface shear stresses.

The prmcipal parameters identified as affecting frictional resistance may be

categorised as site-related and construction-related.
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Forces determined by site conditions include:
= Surcharge load and transient live loading
» Type of pround and variation along the pipeline

Primary load from the ground

Posttion of the water 1able

Stability of the so1l

Construction-related factors include:
*  Amount of overbreak during excavation

Use of lubricant m the overbreak void

Use of intermediate jacking stations

Pipeline misalignment

*  Frequency and duration of stoppages

More field-based research was required to further investigate all of the above

parameters.

2.3.3 Factors Influencing Jacking Loads
2.3.3 1 Soul stability

The ability of the soil to support itself is an mmportant factor i frictional
resistance. If a soil collapses onto the pipe string, friction loads will increase and
could result i failure of the pipe jack. For tunnels in cohesionless soils without

surcharge loading, the required supporl pressure is given by
or=yDI, 2.1)

(Davies et al, 1980 and Atkmson and Mair, 1981) where T, 1s the stability number
given in Figure 2.2 and is only a function of the angle of friction for the soil, ¢'. If the
tunnel is at shallow depth and a large surcharge o acts on the surface, the weight of

so1l may be neglected and

o, =0T (22)
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where the stability number 7 is given 1 Figure 2.3. Both solutions apply to dry soil, 1if
water pressure 1s present it is added to oy and the buovant weight, (3=%,), should be
used 1n Equation 2 1 for soul below the water table

Ty
L a4
w0} _ c
r _r__
%-.:_.-IL===
P
t0 -
I i _! 14
0 0 20t 30" 407

Figure 2.2 Relationship between tunnel stability number Ty and drained angle
of internal friction ¢' — without surcharge (after Atkinson and Mair, 1981).

C/0 values

0 10* 20* 30° 40°
‘P.'
Figure 2.3 Relationship between tunnel stability number 7, and drained angle of
internal friction @' — shallow depth with surcharge

In cohesive souls, the support pressure requured to maintain stabulity of the

tunnel face is given by
o, > y(C+D/2)~Ts, (2.3)
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where the stability ratio 7. is given in Figure 2 4 (Atkinson and Marr, loc cit). In pipe
Jackmg the unsupported length P is usually small or zero, and P/D = 0.

(]

1 2 3

Figure 2.4 Face stability ratio in cohesive soils (after Atkinson and Mair, 1981).

For stability of an excavated bore behind the shield m cohesive soil, the
conditions correspond to the case m Figure 2.4 of P/D—swand by re-arranging
Equation 2.3, the support pressure to prevent collapse is given by

o7

9 PP py 0.5)-T, (2.4)
hj

Yy u

2 3 3.2 Overbreak
'The overbreak 1s the annular gap between excavated tunnel bore and the outer
pipe wall and is typically 10-15mm on radius The overbreak ratio 1s given by

P 2.5)

where D, is the excavated bore diameter and D, 1s the pipe diameter

In experimental pipe jacks in sand at Loughborough University, Chapman (Jloc
cit) reports significant draw-along of soil at the pipe-soil mterface. Rogers and Yonan
(1992) suggest a munimum overbreak of 10mm to mmimise friction caused by the

draw along effect in granular soils The tests at Loughborough used 200mm diamerter
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pipes installed in dry sands with overbreak ratios varymg between 0 and 0.14 The
optimum overbreak ratio was found to be 0.04, which equates to a relatively large
20mm overbreak (on radws) on a 1.0m diameter pipe. forces were reported as
remaming low as the ratio was increased, but increased significantly as the ratio

reduced 1o Zero.

2.3 3.3 Lubrication

The use of bentonite suspensions as lubricants in pipe jacking is now common
practice Lubrication can only work effectively if a discrete layer of the lubricant is
maintained between the sliding surfaces of the pipe and the excavated soil surface If
the ground collapses onto the pipe, the effect of lnbrication will be greatly reduced.
The first and most important function of bentomile suspensions or other lubricant is
therefore to provide sufficient internal pressure to stabilise the tunnel bore The shurry
must be designed to form a filter cake m the surrounding soil without excessive
bleeding of material and be pressurised to the necessary level {0 overcome ground
water pressures and stabilisc the tunnel bore; it must fill the complete overbreak void
before this can be achieved Filling the overbreak to mamtamn the bore 1s also assumed
to mmmise settlement in the shott-term and possibly in the long-term also,

Bentonite — natural clay minerals — and water are mixed m colloidal type grout
mixers at the jacking pit area and 1deally are left to swell for several hours before use.
The ready suspension 15 then pumped mto the overbreak void through a temporary
pipe system connected to injection sockets cast into the pipes The arrangement and
distribution of njection sockets has often been a matter of experience but should be
designed to ensure an even distribution of suspension around the pipe string Tf a
contmuous layer of lubricant suspension can be formed, the pipes could theoretically
become buoyant. Some authors including Haslem (1986) and Stein et al (1989) have
mdicated that pipes may become buoyant 1n ideal conditions, but have been unable to
substantiate the suggestion Norris {1992h) was probably the first to demonstrate pipe
buoyancy occurring 1 practice from the field measurements of Scheme 35,

Bentonite suspensions have thixotropic properties — temporarily hiquid when

agitated but of a gel consistency when at rest. In cohesionless soils excess fluid
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pressures are expected to form in the suspension and the dissipation will be restricted
by the thixotropy of the material (Thompson, 1993).

Stein et al (loc cit) lists the factors influencing the effectiveness of bentonste

suspensions as:

1) the quality and grade of bentonite;

1) the consistency of the suspension, and

m)  conirol of injection pressures and volumes pumped.

High grade bentonite swells readily and provides lubricant of the required viscosity.
Pre-treating the mixing water for hardness and acidity may also help maximise yield
The consistency of the suspension and injection pressure is reported as greatly
influencing lubricant efficiency a stiff suspension is said to yield better results than
one of a thin consistency. A lower injection pressure 1s thought to allow a steady flow
of suspension and a more uniform distribution whereas high pressures may force the
volume of pumped material only into certain areas.

Rogers et al {1989) measured jacking loads during the nstallation of a 1 8m
diameter pipe jack on which ‘Friction Cut’, a bentomite-based lubricant, was used part
way mto the drive. After the lubricant was pumped into the overbreak void an
approximately linear increase in jacking load was halted and forces for the remainder
of the drive deviated around a lower and relatively uniform jacking resistance

Vamation m jacking load reduction due to bentonite lubricant 15 significant
because the process is site and procedure specific. Kastner et al {1996) reports a 25%
reduction in claycy-sand and a 73% reduction n fine sand. Ishibashi (1988) reports
load reductions of 30-50% 1n clays and 20% m sands. Coller et al (1996) report up to
a 56% reduction 1n black volcanic sand and that the volume of lubricant influenced the
magnitude in reduction ln Stage 2, Norris {(1992b) measured reductions of 59% and
90% {in sands and gravels} at Schemes 4 and 3 respectively

At the time of writing the benefits of bentonite lubricants in maintaining tunnel
bores and reducing frictional resistance have been recogmised but there 1s still little
attempt to standardise thewr use. Many of the above authors, by examination of total
jackmmg loads only, have demonstrated that lubrication 1s beneficial and can reduce
frictional resistance To better understand the function of lubrication further work was

required to mvestigate their effects on pipe-soil mteraction. Improving the knowledge
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of the lubricaty mechamsm at the pipe-soil interface will ensure that lubricants are

properly and effectively used m the future.

2.3 3 4 Pipeline misalignment

Inevitably, the excavamon of a pipe jacked tunnel will deviate from the
mtended line and level by sume degree. Steering jacks within pipe jacking shields are
used (0 make corrections and with good control hne and level can be maintained
within typical specified toletances of 50 or 75mm. Resulting ‘wiggle’ of the pipeline
is usually a series of shallow oscillations about the true line (Milligan and Norns,
1998) A mmsahgned pipeline will result m increases in total jacking load by

mtroducmg a senes of radial forces acting on the pipes, Figure 2.5,

i

Fipe Pipe 2 Pipe 3 Pipe 4 Pipe §
[£-1] Misaligried Plpe[!E

FD
bo
#;n
TR

o
‘.f?..
b

(b) Force System to Mantan  Equilibrium

Figure 2.5 Misalignment forces assuming elastic deformations (after Norris
1992b).

Previous authors (Haslem, 1983 and O’Reilly and Rogers, 1987) have tried to
relate the increase in axial jacking load to an mcrease in radial stresses on the outside
surface of a curve, assuming that the pipeline acts as a confinuous structural unit.

Stevens (1989) and Ripley (1989), by maintaining model pipes in misaligned positions
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and applying axial loads, found larger radial forces actmg on the lateral supports
representing the inside of a curve The observations also confirmed that smaller
angular deviations result i less interaction between pipe and supports. The field
measurements of Norris (1992b) in a pipe jack with large horizontal but small vertical
deviations, found that pipe-soil contact was also made on the inside of the curves

Only Norris (1992b) has previously been able to relate changes 1n alignment to
increased contact stresses on actual pipe jacks. Further research was required to widen
this database so that future theoretical, or numerical, models for misaligned pipelines
could be developed, validated and modified.

2.3.3.5 Stoppages

It has been widely reported that stoppages in cohesive soils will creale restart
jacking loads greater than those needed to maintain steady motion. Interruptions in
pipe jacking, such as the introduction of a new pipe, may be accompanied by
considerable increases in axial load that must be considered when calculating jacking
loads. Few authors have published data quantifying the stoppage phenomenon because
records from many schemes plot only jacking forces that have stabilised.

Restart jacking loads on a 1.8m tunnel 1n alluvium, Rogers et al (1989), were
typically 50% greater than the average jacking resistance after relatively short
stoppages After longer weekend breaks, restart forces were as much as 150% higher
the peaks usually associated with large restart loads are not evident in the jacking
record for this drive. Norris (1992b) measured considerable increases in force even
after very short stoppages, in the highly plastic London clay of Scheme 3 There is a
marked tume dependent rcsponse m the jacking record (presented and discussed
further 1n Chapter 5} illustrating an increase in resistance at the start of every push
followed by an abrupt decrease to the average jacking resistance line. A substantial
part of the stoppage effect in London clay was found to occur within very short
periods of time.

Further research was required to determine the mechanisms causing mcreases
m restart loads after stoppages. Tn particular, more pore pressure and radial stress

measurements durmg delays between pushes were required i different clays
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Understanding the mechamsms will be of direct benefit to industry in that

recommendations can be made on how to mimmise or prevent the stoppage effects

2.3.4 Theoretical models

For pipes shding along the base of a stable bore, two alternative models may
be considered (Milhgan and Norrts, 1998) The first assumes that the average
resistance is frictional and should be related simply to the weight of the jacking pipes

so that the frictional resistance F 1s given by

F = Wtand

where W 1s the weight of the pipe and J the angle of interface friction between pipe
and soil The second model s that of Haslem (1986) shown in Figure 2 6, m which the
undramed adhesion between pipe and soil is multiplied by a contact width determined
from elastic theory (Roark and Young, 1976).

F=as, b

Where as, 1s the ‘adhesion’ between
pipe and clay

b 15 the contact width berween

pipe and ground

Figure 2.6 Model for pipe-soil interaction in cohesive soil with a stable bore
{after Haslem, 1986).

Cohesionless soil will collapse onto the pipes and Auld (1986) has suggested
that contact stresses may be obtained from Terzaghi’s {1943) analysis for soil settling
in a trench, Figure 2 7
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The three models referred to assume a straight pipeline but pipe jacks designed
to be perfectly straight cannot be achieved in practice Milligan and Norris (loc cit)
have developed a simplified model, based on Oxford research observations, for
calculating jacking forces at points along half-wave lengths in misaligned pipelines,
Figure 2 8. A comparison between the jacking forces and those measured at Scheme 1

found that the calculated loads underestimated measured forces by abowt 10%.

o, =k{o, +0 5D)

o, = (O-v ; O-h) + (g‘v ;-Gh)COSZQ

F= iTf?—(crv +0, tand

Figure 2.7 Model for pipe-soil interaction in cohesionless soil (after Terzaghi,
1943).

L

- &1 h!t

Jacking direction 2
H

p - pU+Dtans) —Weiams
2" "1~ D.ans) (I - Dtand)

Figure 2.8 Theoretical half-wave model for pipe-soil interaction — in elevation
(after Milligan and Norris 1998).

Following Stage 2 research, there still remamned some uncertainty as to which
theoretical model might be apphed in different ground conditions. Further research
was required to collect more information on interface stresses in different types of soil

to determune the type ol relationships between shear and radial stresses.
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2.4  CONTACT STRESSES

Contact stresses at the pipe-soll mterface had not been measured during pipc
jacking until Oxford research Stage 2 Contact stress cells in the instrumented pipe
provided information on the extent 10 which pipe and ground are m contact and a
measure of pipe-soil interface fnction. Frictional resistances cited by other authors
(Craig, 1983 and Stein et al, 1989) generally assume that measured jacking loads act
over the full pipe area. Norris (1992b) has shown that contact stresses are highly
localised and the very approximate average resistances traditionally adopted in pipe
Jack design grossly simphfy the extremely complicated mechanism of pipe-soil
interaction

In his measurement of contact stresses, Norris (loc cit) found that for stiff soals
at low cover depths, the overbreak remained open and pipes were sliding along the
base of an open bore, contact was only recorded along the bottom of the prpe This
occurred through most of Schemes 1 and 2. In the London clay at greater depth in
Scheme 3, very high contact stresses at the sides of the pipe were regastered early in
the drive and were large enough to damage most of the stress ceils The very high
horizonial stresses appeared 1o be cansed by local plastic yielding around the tunnel
sufficient to close the overbreak and allow some contact between pipe and clay This
‘squeezing’ effect was probably exacerbated by horizontal deviations in the pipelme.
At Scheme 4, observations showed some collapse of the silty sand on to the top of the
pipe and stresses on the side walls varied from zero to relatively large values,
dependent on the direction and magnitude of pipeline misalignments. Scheme 5, in
cohesionless soil below the water table, vielded cantact stress measurements showing
high frichional resistance when slurry support and lnbrication was not effecuve, but
low resistance when effective.

Examination of individual pushes highlighted apparently frictional behaviour,
in terms of total stress, in cohesive soils. In Scheme 3, London clay, pipe-soil interface
behaviour was frictional at lower stress levels but there was an mdication of a limiting
shear stress at about 150kPa Frictional behaviour with no upper limit was observed n

the stft glacial clay and weathered mudstone of Schemes 1 and 2. More cohesive
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behaviour occurred m softened glacial clay at the end of Scheme 1, Milligan and
Norris (1998)

The change in contact stresses before and after stoppages on Scheme 3, where
stoppage effects were marked, indicated that excess pore pressures generaied during
the jacking process dissipate during the delay and lead to mcreases in effective radial
stresses However, the data studied were limued and further research was required to

try to determine the exact mechanism.

2.5 GROUND MOVEMENTS

Ground movements above tunnels m soft ground are now generally well
understood. Many authors have published data on movements caused by conventional
tunnelling but there have been few documented observations on movements due to the
pipe jacking techmque. A database of both surface and subsurface movements is
required to check the appropriateness of existing, and widely accepted, design
solutions (Peck 1969, O’Reilly and New 1982, Attewell and Woodman 1982, Lake et
al 1992, Mair et al 1993, elc) to displacements mduced by pipe jacking

Rogers et al (1989) describe the ground movements induced by a 12m
diameter pipe jacked tunnel installed at a depth of 5-6m mn very soft alluvium There
were some anomalies m the measurements but a maximum surface settlement of 3-
4mm through a road pavement is reported. Dyer et al (1996) monitored movements
above a 1.2m diameter pipe jack in loose glacial sand. Surface settlements were
measured on an array of survey pins across the tunnel centre line in a road pavement
Small settlements, about Imm, were detected with the tunnel shield about one pipe
length from the pmns The approach and passing of the shield caused sertlements of
13mm, equivalent to approximately 6% surface volume loss As pipe jacking
continued the total measured volume loss increased to 20% correspondng to a
considerable maximum settlement of 43mm. The authors suggest shearing of the loose
glacial sands by the unlubricated pipes caused the continued volume loss Cowan
{1993) describes the surface settlements caused by a 1 Om diameter hand excavated
drive 4m below a runway at Birmingham International Airport in stiff to very stiff
silty clay and weak mudstone A bentonite suspension was used as a lubricant during

the drive and the overbreak void was grouted on completion. The observations
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showed maximum surface settlements of about 3mm on the runway pavement and
6mm on grassed areas The author predicted a maximum settlement over the tunnel
centre line of 7mm.

Chapman (1996) carried out field measurements during the microtunnelling
installation of @ 600mm external diameter sewer, ar an average depth of Sm, using a
slury machine m soft to medium firm clay As the machine approached the
momitoring pomts, noticeable heave (about 10mm) was observed, indicating over-
pressurisation of the shurry face support. The heave movements subsequently reduced
relatively quickly after the machine passed Three months after completion,
dissipation of excess pore pressures and possible collapse into the overbreak resulted
in settlements of about 4mm. The author applied O’Reilly and New’s (1982) model to
the measurements and found it to seemingly fit the heave profile and the short-term
settlement trough quite well; the longer-term settlement trough however was not as
accurate a fit De Moor and Taylor (1989) apphed the error function curve to
monitored ground displacements due to a 2.1m diameter sewer tunnel constructed at a
depth of approximately 10m m soft clay at Tilbury. Comparison between their
observations and predicted profiles was good for short-term movements but less good
for the longer-term settlements.

Few of the above authors have related therr measured ground movements to
full or partial overbreak closure, which should be an important aspect m pipe
jacking/microtunnelling induced setflements. Further research was required to
comparc predicted profiles (calculated assuming that only closure of the overbreak
contributes to volume loss) to field measurements.

No research had been carried out on subsurface longitudinal settlements above
pipe jacks The measurement of longitudinal ground movement profiles close to the
crown of a pipe-jacked tunnel were required to provide valuable infarmation on how
longitudinal profiles develop and compare to predicted cumulative probability curves
The information was also needed to determune any face loss ahead of the tunnel,
movements above and behind the shield, and settlements due to consolidation.

More work on subsurface detormation due to pipe jacking through seoft clays

was needed to further investigate the effects of fuce pressures m such ground. This
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work would require the measurement of ground pressures close to the tunnel to

attempt to correlate ground movements to any change in measured soil stresses.

2.6 INSTRUMENTATION AND FIELDWORK
2.6.1 Pipe Jacking Instrumentation

The mstrumentation programme for the pipe jacking fieldwork was establhished
and used successfully by Norris (1992b) for Stage 2 ficldwork The robust design of
instruments led to few falures and the satisfactory monitoring of five schemes
established their suntability for further use. Only the ground convergence ndicator —
designed to measure closure of the overbreak — performed poorly during the pilot test
of Scheme 1 and was not used further. A phase difference between pore pressure
probe readings and measurcments from the adjacent contact stress cells led to
duficulties in mterpreting effective radial stresses Norris (loc cit) recommended that
for future work the contact stress cells — based on Bond and Jardine’s (1989) surface
contact transducers in model piles - should be modified to incorporate pore pressure
measurement All other pipe jacking mstruments including, pipe joint pressure cells,
tube extensometers, one-dimensional joint movement undicators, jack load cells and
linear displacement units, were to be used as originally designed by Notris

The dala acquisition system, also developed by Norns (loc cir), performed
extremely well and required little work for further use only additions, for an increased

number of instruments, and minor electronic adjustments were required.

2.6.2 Measurement of Ground Movements
2.6 2 | Surface settlements

To measure ground surface movements by precise levelling, Dunnicliff (1988)
recommends seating the measuring point below the soil surface Taylor (1994)
suggests an arrangement sumilar to that illustrated in Figure 2.9, This type of levelling
station is idcal for “greenfield’ sites but may be difficult to install over pipe jacks in
urban environments A less 1deal but nevertheless acceptable method is to monitor
settlement troughs within a road pavement or similar structure into which measuring
pomts should be securely mstalled and have domed heads on which to seat the
levelling staff.



chapler two

literature review

hamvy duty cod iren
Ao cnck Sommr and
¥ame

ZE YR WeNYINg Coles

~ UM bose coune

Iounded enc 1o 0a”
Froxecrg F5men rin
e LRV pine:

FE

v N concrete

orm Ul o

200

Type B ot
wredl L g e

C2M¥20 cencrete

25 deforned ba
G 180eninee
e of At

Figure 2.9 Surface settlement levelling station.

2.6.2.2 Subsurface movements
Inchinometer and Magnetic Probe Extensometer

Many authors including Dunnicliff (loc cit) and Hannah (1985) provide the
principles of inclinometer operation ~ shown in Figure 2 10 Inclinometer access tubes
(termed ‘guide casing’ in Figure 2.10) can be installed above or alongside tunnels to
monitor the extent and rate of any horizontal ground movements One end of the tube
should be fixed from translation or the translation should be measurable by separate
means. Deformation of the access tubes is measured by means of an inchinometer
probe raised werementally from bottom to top of the tubes. The difference between a
set of initial datum readings and subsequent sets define any tube deformation.

A probe extensometer is a device for monitormng the change in distance
between a datum point and magnetic measuring plates, Dunnichff (loc cit). Ring or
‘spider’ magnets can be sleeved around access tubes to measure vertical movement of
the surrounding ground A tape suspended probe, incorporating a reed switch, travels
within the access tube and senses the relative position of the magnets A himitation of
the tape suspended probe is a reading accuracy of + 2-5mm. It is ofien convenently

comhined with inclinometer installation
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Figure 2.10 Principles of inclizometer operation (after Dunnicliff, 1988).

Electrolevels

The Building Research Establishment (BRE) first used electro-levels on a
series of pile tests in the 1970s (Cooke and Price, 1973) Their early use was in
monitoring bending strams m piles but they were later further developed to measure
ground and strucrural movements. Price et al (1996) report the use of ¢lectro-levels to
measure ground displacements around mayor tunnelling works on the Docklands Light
Railway and 104 Tnal Jubilee Line Extension contracts

Electro-levels had not been used to measure ground movements due to pipe

Jacked tunnelling prior to the research reported here.

2.6.3 Execution of the Fieldwork
Norris (1992b) lists the key elements for executing a successful field

mstrumentation programme as:

Planning Phase

=  Maximise the lead m tune and try to be mvolved with the design
* Have clear and realistic objectives

* Understand the roles and motivations of the parties involved

»  Work with the designers tor proper provisions in contract documents
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= Explam the aims of the research to the Contractor and encourage his interest

= Use the expertise of experienced groups such as BRE

Fieldwork Phase

» Try to install insrruments when the gite is not busy

» Make research team part of the Resident Engineer’s staff

» Arrange for a member of the Contractor’s staff to be personally responsible
* Communicate clearly and beware of unbriefed subcontractors

= Be prepared for delays and disruptions

* Process data promptly and feedback to site staff
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31 INTRODUCTION

This chapter descnibes the fwo categonies of instruments used m Stage 3
research: pipe jacking and ground response. The former category includes instrument
clusters 1n the jacking pit and pipe string. Ground response mstrumentation includes
geotechnical instruments used to measure soil properties and ground displacement.

Appendix B gives an inventory of the instrumentation.

3.2 PIPE JACKING INSTRUMENTS

All pipe jacking mstrumentation was developed by Norris (1992a) for Stage 2
ficldwork. These instruments were refurbished, modified and wicreased in number
where necessary for use m the fieldwork reported here, A typical arrangement of
Stage 3 instrumentation is illustrated in Figure 3 1 In the jacking pit the total jacking
loads were recorded by load cells where possible and hydraulic oil pressure
transducers on the main jack rams where jacking ng configurations did not allow the
fitting of load cells A linear displacement unit measured the forward progress of the
pipe m the jacking pit The mstrumented pipe contained the following instruments:

1) Twelve contact stress cells measuring total radial stress, shear stress and
pore pressures The cells were glued into the pipe wall (using a fast acting
structural glue) and had an active measuring face flush with the pipe
surface

1) Six joint movement indicators, three at each end, measuring the variation
n joint gaps.

ui) Flat pressure cells n the joint at the pipe rear. These cells could only be
installed on pipes with steel collar jomts and a minimum wall thickness of
150mm.

v} Data acquisition boxes

A detailed site diary was kept of all construction activities likely to affect

readings. In addition to the diary, line and level surveys were regularly carried out as

the pipe jacks progressed to measure pipe wriggle
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Figare 3.1 Schematic of pipe jacking instrumentation.

3.2.1 Contact Stress Cells

Contact stress cells to measure tomal radial siresses and shear siresses acting on
the concrete jacking pipe were developed by Norris (1992a) who provides a detailed
description of design and manufacture The cells comprise a three-part housing with a
Cambridge earth pressure transducer — Figure 3 2 — at their centre The loading platen
or active face was designed to have a similar frictional resistance ta jacking pipe
concrete In a series of shear box tests Norris (1992a) found ground polymer modified

mortar the material best for the active face,

3.2.1.1 Cell modification

Only five cells were manufactured for use in Stage 2 fieldwork an additional
seven were required to complete the required complement of twelve cells for Stage 3.
From experience gained in the fieldwork Norris (1992b) recommended cells for futwe
research be modified to measure pore pressures To keep the very expensive

manufacturmg costs to a minimum, the stainless steel housng design was
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standardised so the five existing housings could be re-used, only the loading platen
desigh was modified to accommodate pore pressure measurement devices A
modified contact stress ccll is illustrated in Figure 3 3 The existing Cambridge earth
pressure transducers required some minor modifications as the pore pressure
transducers were to share the same cable for excitation vollage and signal

The pore pressure cells comprise mimature transducers glued mto titanium
housings placed m acetyl copolymer thrust blocks., Between the thrust block and
underside of the loading platen, a large rubber Q-ring prevents moisture ingress. The
porous stone and small void, hetween stone and mniaturc transducer, is saturated by
aflixing a temporary pot contamimng Glycerol oil over the stone, Plate 3.1. The system
is de-aired by attaching the affixed saturation pot to a vacuum for a minimum period
of tweniy-{our hours or until no more air bubbles are visible. The de-airing procedure
consisted of several cycles of vacuum and positive pressure to atmospheric. Saturation
pots are removed from the cell just before the instrumented pipe 1s lowered for

inscrtion m the pipe jack

Radial comprassion web

Figure 3.2 Cambridge earth pressure transducer (after Bond and Jardine,
1989).

Transducers retrieved from the pore pressure probes of Stage 2, were the well
proven, but expensive, Druck PDCRS81. A less expensive alternative to the Druck
transducer, the Keller piezoresistive 2Mi, was tested in laboratory conditions but from
a batch of six, only two gave meaningful output. All the faulty transducers were
returned to Keller and eventually replaced with the Druck PDCRS§1. Unformunarely the
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Loading platen
Druck PDCR81
transducer in
titanium housing
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Rubber
O-ring
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Figure 3.3 Modified contact stress cell (part of figure after Norris 1992a).

delay in testing and replacing some of the pore pressure transducers resulted in only
six of the twelve modified contact stress cells having pore pressure measurement

capabilities for Scheme 6.

Plate 3.1 Modified contact stress cell with pore pressure saturation pot.
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3 2,1.2 Calibration

Calibration procedures formed an integral part of the fieldwork 1t was
csscntial that all mstruments were calibrated prior to Scheme 6, the first site 1n Stage 3
research, and idcally re-calibrated before zll ensuing schemes. The contact stress cells
were calibrated usmg a special calibration rig developed by Norms (1992a) that
enabled simultaneous application of radial and shear forces to the active face Metal
weights (checked on an independently calibrated set of scales) were used for load
appheation 1n the first cahibration and the procedure (steps 1 to 12 m Table 3.1) took
about seventy-two hours per cell Prior Lo Scheme 6, calibration of all twelve cells
was completed m tharty-six days. The cahibration ng was subsequenily modified to
use hydraulic jacks fitted with transducers for applying the loads and automatically
logging forces and the cell response, Plate 3.2 Afier Scheme 6, calibrations were
carried out oo the modified rig i less than hall the time taken with the weights
Changes m calibration coeffictents of the cells are neghgible (about 1%) as indicated

in Table 3 2

Plate 3.2 Contact stress ¢cll ealibration.

The calibration procedure for the pore pressure cetl companent (steps 13 to 18

in Table 3 1} could only be carried out after complctmg radial and shear calibration

35



chapler three

mstrumeniation
St S Calibratt Radual Shear
ep tage bration P \Pa
1 Cell assembly - - -
2 Exercise Sustained loads 450 -202
450 +202
Exercise Rapid cycling 4350 Oto-202
Rapid cycling 430 Qo202 |
4 Shear stress Radinl stress constant, shear stress 450 £202
5 calibration vaned 348 =202
6 243 =202
7 Radial stress Shear stress constant, radial stress 0-450 ]
g calibration varied 0-450 23
9 Eccentric loading Radial load at +10mm 0-450 0
10 Rad:al load at —10mm 0-4350 0
11 Creep testing Sustained loads 450 +202
12 450 =202
13 Assemble - - -
saturation pot. |
14 De-awmg - : :
15 Pore pressure Rapid cycling 0 a
exercise 243 +202
16 Pore pressure Apply mcremental pressure up to 0 [}
cahbration S0UkPa
17 Pore pressurc Release incremental pressurc 0 0
caltbration down to atmospheric
18 Pore pressure Repeat 16 and 17 4] 0]
caltbration

Table 3.1 Calibration procedure for modified contact stress cells.

Figure 3 4 1illustrates the pore pressure cell calibration. After saturating/de-airing the

pore pressure transducer, pressures of up to 500kPa were applied and released

merementally through a mitrogen/glycerine interface and a Druck Digital Pressure
Indicator (DPI}

N Prassure T

lt=rogen - rap Saturaboni

| _calibration

Contact \\
{ri
Druck DPI Shrees

Prassufised
Nitrogen
Supply

Figure 3.4 Schematic of pore pressure cell calibration.
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Contact stress Cumbined non- Long term zero drift | Long term change in
cell limeariry & hysteresis (%FS) cahbraton
(%ES) coefficients (%)
1 Radal 103 10 09
Shear 05 Il Pl
Pote pressure +1 0 04 03
2 Radial +03 DR 12
Shear 103 Do 10
Pore pressure +11 03 1]
3 Radal +0 4 10 14
Shear 06 07 11
Pore pressure® 128 22 40
4 Rachal 04 0g 11
Shear 06 10 11
Pore pressurs =09 03 07
5 Radial +0.7 0.6 13
Shear 0 6 09 49
Pore pressure +09 02 09
6 Radtial +0.6 10 10
Shear +0.4 0.8 12
Pore pressure £i1 05 04
7 Radial 02 1.1 09
Shear Q7 0.8 15
Pore pressure =+0.8 0.4 10
] Radial +0 3 69 08
Shear £0,7 1.0 i2
Pore pressire® =24 27 47
9 Radial 04 11 11
Shear =05 10 i1
Pore pressure 7 07 05
10 Radial =08 09 13
Shear =6 12 09
Pore pressure +0,6 (.5 10
i1 Radial =19 as 10
Shear =} 6 11 13
Pore pressure =10 G2 05
12 Radial +H 4 10 13
Shear =0.7 10 08
Pore pressure =0 8 a3 DR

* denotes pore pressure cells with Keller 2Mi transducer.

Table 3.2 Modified contact stress cell calibration performance,

3 21 3 Installation and retrieval

A further recommendation of Norris (1992b) was a need to improve the

method of mstallation and retrieval of the m-wall contact siress cells and it was

mtended to revise installation/retrieval for Stage 3 fieldwork. The principal design

requirements for such an arrangement were:

ease of fixity,

easy removal of the instrument, and
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iti)  height adjustment for different wall thicknesses

Two Cambridge earth pressure transducers were crushed during Stage 2
ficldwork, so a proposed additional design [cature was a fail-safe mechanism to
prevent crushing damage To reduce the risk of crushing, installation cradles were
designed to move mto the pipe wall if stresses becamce large enough to damage radial
compression webs on the transducers. Crushing forces were determined empirically
by the controlled loadmng to failure of all good webs on two damaged/corroded
transducers recovered from old stress cells,

Several cradle systems were considered mcluding the friction grip system
illustrated 1 Figure 3.5 (unreliable, not sufficiently repeatable and not easily set
accurately) and a compressed air bag with release valve {too complicated) but the
preferred option was a simple spring system, illustrated in Figure 3 6. The
arrangement comprised four bolts each carrying a pack of disc springs, commonly
known as Belville washers. It was proposed that the springs would secure the cell
housing against a flange with a force that could be accurately set by measuring the
height of the spring pack. Steel tube and flange would be cast into the special pipe
durmg its manufacture and left in as part of the permanent works This would also
give the opltion of making the pipe good for the permanent lining by beltng m a
specially designed plug

Jacking pipe manufacturers were shown the spring design for comments on:
the permanent lining, the hole size and method of fixing to the pipe wall Already
concerned over the twelve holes required for the contact stress cells in a special pipe,
they were anxious about an increase in hole size and a weakeming of overall pipe
strength An additional concern of the author was that spring displacements in the
system can never be truly equal and any displacement of the cell would cause a
redistribution of stresses that would be difficult to interpret. Displacements could have
been monitored by nstalling linear variable differential transformers (LVDTs) below
the cell housing but the disadvantages were: an increasc in cell installation time,
additional expenditure in purchasing LVDTs and an extra demand on the data
acyuisition system. The decision was therefore taken to glue the stress cells into bored

or cast holes of a high tolerance so that the instruments formed an integral part of the

% Refers to the specially prepared pipe before the mstallation of or after the removal of mstrumensation
38



chaptar thres

mstrumentation

mstrumented pipe. Retrieval was agam to be by over-coring carried out by speciahst

diamond drillers.
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Figure 3.6 Proposed contact stress cell installation/retrieval disc spring cradle.

3,.2,2 Jacking Forces

Heavy-duty toad cells (Figure 3 7 and Plate 3.3) fixed to the end of jacking

rams were used to measure the jacking loads The lvad cells are a commercially

available 200 tonne compression type, with modified cables and conneclors for

operation under possiblc submersed conditions. Figure 3.8 tllustrates the method of
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fixing the load cells to jacking rams. They were used on only Schemes 6 and 9:
Schemes 7 and 8 had jacking rigs with integral thrust rings making it impracticable to
fit these cells. At Schemes 7 and 8 pressure transducers were fitted to the hydraulic
circuit — at the feed point in the rams — to monitor oil pressures. By calibrating oil
pressures against the jack load cells, it was possible to convert these pressures to
jacking forces.

Two pressure transducers were used in the hydraulic feed circuit on the
Scheme 7 rig. Calibration was performed in the factory by placing two of the jack
load cells between thrust ring and a reaction wall and carrying out several load/unload
cycles — output from load cells and pressure transducers was automatically logged
through the data acquisition system. Laboratory determined load cell calibration
coefficients were applied to the output to calculate the calibration coefficients for the

pressure transducers.

235mm

Load celi - -

Domed
loading -+~~~
cap

Plate 3.3 Jack ram load cell.
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Figure 3.8 Proposed fixing of jack load cells at Scheme 8 for oil pressure
calibration,

At Scheme 8 one transducer was fitted at the feed point of each ram on the
Jackmng ng. It was possible fo carry out the calibration m-situ by temporarily
removing the thrust ring and fixing the load cells to the ram ends. Two calibrations
were performed: the first before pipe jacking operations began in earnest while
launching the tunnelling machine; and secondly, following completion of the drive
while closing up the inter-jacks, when greater jacking forces and oil pressures were
generated

Calibration of the jack load cells was performed on a Denison loading

machine that is independently calibrated twice yearly

3.2.3 Instrumented Pipe Movement
3 2 3 1 Electromagnetic distance measurement

To monitor forward progress of the wstrumented pipe, the use of
electromagnelic distance measurement (EDM) techniques was investigated. An EDM
system works by setting the instrument over one end of the line to be measured and a

reflector (usually a corner cube prism) at the target end such that the me of sight is
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unobstructed The instrument transmits an electromagnetic wave towards the reflector
where part of it is returned. By comparing the phase difference between transmitted
and reflected signals, the DM computes the distance which can then be displayed or
automatically saved to a data storage unit. The proposed use in the fieldwork was to
have an EDM instrument positioned at some protected location in the jacking pit, with
a clear line of site through to the instrumented pipe, Figure 3.9.

Tt was thought that pipe roll and/or inevitable deviation from line and level
would cause a single prismatic target to almost certamly move from the line of sight.
An EDM capable of detecting a wave bounced off a larger strip of reflective material
was found. Relatively large areas of this strip — a material similar to that found on
reflective road signs — were to be positioned around the trailing end of the
instrumented pipe so that within acceptable line and level tolerance, the fixed line of
sight would always hit a target sheet Another advantage to usmg the reflective
sheeting was its low cost. Buying or hiring an array of target prisms to mount on the
mstrumented pipe would have heen beyond the project budget, whereas the reflective

strip was relatively inexpensive and could be considered as a disposable item

—

Instrumented Ve Line of sight
pipe —— Ty Detan A L | eoM
g O { L
- Protective Jacking pit
shreld E

T Pipa wall
n < " . -

y
Target Protective
pnsm shield
Figure 3.9 Proposed use of EDM. DETAIL A

A reconditioned Geodimeter 210 DM was loaned to the project by
Geotromics Ltd. on a one month approval basis. Controlled laboratory tests were

carried oul (o ensure that the instrument gave accurate distances when using the
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reflectrve strip as a target Once satisfied (hal accuracy and repeatability were within
acceptable tolerances, +10mm, work commenced on a power supply and scrial
interface between EDM and the data acquisitivn syslem

Fieldwork at Scheme 6 commenced before the serial interfacc was complete
The method used to monitor pipe progress during Stage 2 - a lmear displacement unit
with stainless steel cable attached to the pipe in the jacking pit - was again used The
EDM, with senal interface, was finally ready for field trials part way through Scheme
6 monitoring. The mtention was to compare output from the EDM to that from the
displacement unit In the event however, the EDM did not produce a signal that could
be mterpreted by the data acquisition system, and as 1t could not be used as a stand-
alone maut - all fieldwork data required a consistent time stamp - the EDM ficld trial
was abandoned Back in the laboratory, it became evident that substantial work would
be required to make EDM and data acquisition system compatible At that time 1t was
decided to pursue the use of EDM no further.

3 2 3 2 Lincar displacement units

The type of hnear displacement unit used during the fieldwork 1s illustrated in
Figurc 3 10. A Celesco umt (purchased during Stage 2) was used on Schemes 6 and 7
It 1s a commercially available msirument producing an electrical signal proportional
to the extension of a pre-tensioned cable on the drum of a rotary potentiometer It was
found to be easily susceptible to damage in the harsh environment of the jacking pits

and requircd some repar work on both schemes

Cabie - supphed as
atanless steal,
replaced by nylon
fishing lina

Cable guide

Bhaft Spooi Potentiometer

Powrer sprng
to keep cable
under tensiot

Figure 3.10 Linear displacement unit,
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The Celesco unit was subsequently replaced by a similar instrument
manufactured by TBS. This unit operates on the same principle as the Celesco but 1s of
a more robust design and came wilh a stroke of four metres The required length of
stroke was a jacking pipe (2.5m) plus about one metre to the location of the
mstrument on the back wall of the jacking pit The unit was calibrated 1n the
laboratory agamst one-metre rules laid end to end

The stanless steel cables supplied with these types of transducer were found
to be prone to 'kinkmg' causing the cable to catch at the opening, lose tension, and
produce false readings The stainless steel cable m the IBS unit was subsequently

replaced by heavy duty nylon fishing linc

3.2.4 Misalignment Angle

One-dimensional joint movement indicators developed by Norris (1992a) were
fixed at three equidistant locations around cach end of the wstrumented pipe The
mstrument simply comprised an LVDT securely held in an aluminium housmg, Plate

3 4 The LVDTs were calibrated against a micrometer bench screw

Plate 3.4 Instrumentation at the pipe joint (Scheme 8 instrumented pipe).
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3.2.5 Joint Pressures
Pressures 1 the joint between instrumented pipe and adjacent pipe were
monitored using the commercially available flat pressure cell described by Normris

(1992a), Plate 3.4, The cells were calibrated 1n a Denison loading machine.

3.2.6 Line and Level
Surveying techniques were used to monitor line and level of the tunnel as it
progressed. Typically four or five surveys would be carried out — at suitable breaks m
mining — durmg the monitoring period. Techniques adopted were:
i) Taking offsets from the Contractor’s laser - both for line and level ~ at the
end of every pipe using spirit level, plumb line and tape.
ii) If the internal diameter was sufficiently large to set up level and tripod,

levels were taken at every pipe joimnt

3.2.7 Data Acquisition

The data acquisition system was purpose built for the pipe jacking research
programme - a full description is presented in Norris (1992a). The system comprised
commercially available "Datascan™ confrol and analogue input modules (housed m
protective steel boxes) mounted m the mstrumented pipe (Plate 3.5) and jacking pit. It
was capable of reading a varicty of transducer types and could be powered from either
a mains supply point or a 20kVa portable generator supply. The network of mput
modules used in Stage 2 research required some modification and additions to
accommodate the increased number of contact stress cells, each of the modified cells
requiring four data channels Figure 3.11 shows a schematic diagram of the system
used at Schemes 6 to 9 An on-hne uninterruptable power supply unit was used to
eliminate spikes from power surges and also provide up to thirty minutes of battery
back-up during a power loss.

A sophisticated software package for logging purposes was purchased that
allowed multiple real-ime graphical traces to be displayed on the logging computer
This had many advantages including the logging operator being able to immediately
see any problems occurring with the readings. The software — Labtech Notebook/XE
— also had switchmg options letting the user set trigger events to start or end lagging
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or change the sampling rates. Push events were set to trigger a 2 second sampling rate;

non-push events (during breaks, introducing new pipes etc.) triggered a 30 second

rate.
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Figure 3.11 Schematic of data acquisition system.

Plate 3.5 Data acquisition boxes in the instrumented pipe of Scheme 9.
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33 GROUND INSTRUMENTATION

Instrumentation to measure ground movements and horizontal stress response
was newly purchased for use on Schemes 6 to 9. The equipment includes an
inclinometer with logger (Plate 3.6), reed switch probe, electro-levels and push-in
spade cells Pressuremeter testing was carried oul al Scheme 6 by a specialist

contractor to augment site investigation data provided hy the Client.

3.3.1 Inclinometer

A uni-axial inchnometer was used to monitor subsurface ground
displacements paralle! and normal to the dmection of drive. Access whes were
installed over the centre line, close to the crown, and at offsets close to the tunnel
axis It was assumed that tube fixity was at the top as the tubes were grouted to the
road base {or concrete slab at Scheme 9) Surveying methods were used to monitor

transverse and vertical movement of the top of the casings.

The procedures followed in taking field readings were’

1 Torpedo lowered to bottom of the casing n grooves parallel to the drive.

2 Temperature stability allowed for a minimum of 10 mmutes.

3 Readings taken at 0 Sm intervals and saved to the automatic readout unit.

4 Torpedo removed (guide wheels cleaned), rotated through 180 degrees and
lowered to the same point

Pause for temperature stability.

. Repeated readings taken, inspecting the automatic readout unit for check-sum
errors (Dunnicliff, 1988)

7 1 to 6 repeated using casing grooves normal to the drive direction.

8. Reed switch probe (with spacer for inclinereter tubing) lowered to record the

depth of magnetic settlement plates
9. Level and lateral position of casing tops taken as soon as was practicable

10.  Data from the readout unit down loaded and saved to floppy diskette
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Figure 5.14 Misalignment angle, 3.

The normal practice has been to specify allowable limits for errors in line and
level at any point along the tunnel, typically 50 or 75mm. While these limits may be
necessary to maintain adequate clearance from obstructions or other services, or to
provide correct hydraulic flow conditions, Ripley (1989) and Norris (1992b)
demonstrate that they are insufficient as a means of controlling angular deviations
between successive pipes to within acceptable limits for transmission of large axial
forces. The measurement of actual angular deviations achieved in practice will
therefore allow reasonable specifications in terms of misalignment angles and line and
level tolerances.

The effect of misalignment on jacking loads is very difficult to assess. A direct
comparison of jacking forces for misaligned and perfectly straight pipe jacks, in
similar conditions, is not possible due to the limited database. The effect of
misalignment will therefore be assessed by considering the increase in radial and

shear stresses on misaligned pipes — discussed in Chapter 6.

5.3.2.2 Alignments achieved in practice
Measuring misalignment

To investigate the effect of misalignment, some angular deviation on the
instrumented pipe jacks was desirable. However, the author did not influence in any
way the miners or machine operators in steering control; measured alignments
therefore are typical of those normally achieved in practice. Line and level surveys

were carried out to measure horizontal and vertical deviations respectively and
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electrodes changes, altering the electrical resistance between them, and thus gives a
change in angle. Figure 3.12 shows simple details of the electro-level and a schematic
diagram of the reading circuil. Change m angle is converted into a movement by
assigning a gauge length to the electro-level over wiuch the angular movement apples
grving,

movement (mmj = angular movement (radians) x gauge length fmm)

For inclinometer tube installation the gauge length should be taken as an
arbitrary distance either side of the sensor and the electro-level is assumed to monitor
average change in angle over this distance The instruments are usually mounted at
fixed spacing in the tubmg and the gauge length is then taken as equal to the spacing

Ten BRE + 3-degree clectro-levels were purchased for intended use on
Schemes 8 and 9. They were pre-fitted in mclinometer tube carriages {1llustrated in
Figure 3.13) and came with a purpose-built logging system The * 3-degree sensor has
sufficient range to be relatively easy to set up and can monitor angular changes to &
second of arc Its cross sensitivity (change n reading due to change in angle in an
orthogonal plane) is also relatively low, less than 3%. Using a gauge length of 1m at a
resolution of tare seconds gives a movement ot 1000/206000, i.e. 0.005mm.

The electro-level Jogging system developed by BRE has a controller module
and multiplexing modules Controllers comprise the signal conditioning, a 16-bir
analogue to digital convertor, storage capacity (16,000 readings), microprocessor
{(programmed to run a user defined logging program), alarm facilities, and date/fime
functions Multiplexers allow 16 instruments to be linked to the controller — up to 16
muliiplexers can be connected to one controller. Fast and slow read systems exist. The
fast system energises and reads at 10 channels/second, whercas the slow system
powers and reads each channel individually at 1 channel every 3 seconds thereby
mncreasing the life and stability of the system.

'The electro-level logging system was not compatible with the Datascan data
acquisition system and requured a separate and dedicated loggmg computer. The
system 15 illustrated in Figure 3.14.

Calibration of the electro-levels was a very specialised operation and couid

only be performed by BRE who supplied zero values and calibration coefficients.
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3.3.4 Push-in Pressure Cells

Push-in pressure cells, comprising pneumatic type transducers and
piezometers, were installed at Schemes 6 and 9 to record in-situ stresses close to the
tunnel during construction. Soil Instruments Limited supplied and installed the cells,
Plates 3.7(a). Readings were taken manually using a portable read-out unit, Plate
3.7(b). The supplier who provided zero values and calibration coefficients carried out

instrument calibrations.

e e

S SR

a) pressure cell

b) read-out unit

Plate 3.7 Push-in spade cell.

3.3.5 Self-boring Pressuremeter

Cambridge Insitu carried out a series of self-bored pressuremeter tests at
Scheme 6. The instrument used was a Cambridge Self Boring Pressuremeter (SBPM)
Mk VII, similar to that illustrated in Figure 3.15. A purpose built, trailer mounted
drilling system was used to drive the SBPM to the required depths. All calibrations,
testing, analyses and interpretation of results were carried out Cambridge Insitu. A

factual report and copies of the raw data were supplied.
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41 INTRODUCTION

This chapter discusses the fieldwork element of Stage 3 research Site
selection procedures, ideal requirements and sites chosen are described Details of
gach scheme, including ground conditions and monitoring work are presented

Installation, performance and retrieval of instrumentation are discussed

42  SITE SELECTION

The mtention for Stage 3 research was to monitor pipe jacks on five different
sites. Ideally, each sponsoring water company would provide a smitable scheme within
their area with enough lead time to include items and specifications relating to the

research work in the contract documents.

4.2.1 Ideal Sites

On the basis of fieldwork by Norris (1992b) it was recognised that the actual
process of selecting pipe jack schemes would be very different to the ideal selection
procedure In order to carry out a search for suitable pipe jack schemes it was
necessary to list the main factors affecting the choice of sites for the fieldwork. These
were:
»  Ground material
»  Pipe size
* Lubrication
= QOverburden loading
»  Cover depth
» Length of drive
» Position of instrumented pipe and its retneval
= Method of excavation
The most mmportant factors affecting the choice of pipe jacks for monmitormg were
type of ground material, 2 minimum pipe size of 1200mm internal diameter and the

proposed period of works.
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Pipe jacks in a variety of ground conditions were again sought to compare data
with that collected during Stage 2 and take analysis further but with a different
emphasis, and to also measure ground movements. Since the Scheme 3 drive n
London clay had produced some inexplicable contact stress data (discussed in chapter
2), anather drive in similar ground was required to gain a better understanding of the
shear mechanism. A soil type not encountered during Stage 2, but considered
mmportant for this reported research stage, was soft clay A pipe jack within such
material was required to assess the contact between pipe and a soil expected to
collapse quickly onto the pipe string.

The proposed period for fieldwork was from September 1993 to April 1995,
Tdeally a period of about twelve weeks between sites was required to re-calibrate
instrumentation and process data. Pipe jacks commencing during the above period
with enough lead tune between them were therefore sought. It was anticipated that the
fieldwork on each site would take about six weeks. As the length of potential pipe
jacks directly affects the monitoring period, long drives with mechanical excavation
were preferred to short hand excavated drives Results from Scheme 5, where a
tunnelling machine was used, had shown that ¢lectrical noise within the tunnel does
not corrupt signals from the instrumented pipe.

Pipe jacks with an inrernal diameter greater than 1200mm were 1deally sought.
The fitting of instrumentation and a protective liner to the mstrumented pipe reduces
the diameter by about 300mm and 900mm was at the time the Immmum diameter for
man-entry. A further factor was the wse of lubrication; pipe jacks were preferred
where a lubricant could be introduced part way into the drive to assess its
effectiveness on reducing jacking loads Uniform and simple overburden conditions,
1.e. uniform cover with little or no live loading, were required to simphfy data
mterpretation. Packing material was specificd as medium density fibreboard or
chipboard because joint pressure cells were calibrated on these materials

Considering the above factors, the ideal requirements were summarised —
Table 4 1 — for circulation to Clients and pipe jacking contractors The sequence of

schemes was not important but was subject to site availability.
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Scheme 6 7 ] 9 10

Ground Suft glaciat London Clay | Sand/gravel Soft clay Soft clay or
clay cohesionless

Pipe s1ze 1200 min 1200 mm 1200 nun 1200 min 1200 min

(I’D mm)

Depth < 10m < 10m < 10m < 10m <10m

Length > 100m > 100m > 100m > 100m > 100m

Tubncation ﬁﬁ?yes Nofyes Nofyes No/yes Nofyes

Packer Medum density fibreboard or chipboard

Excavation | Hand/TBM | Hand TBM Hand/TBM | Hand/TBM

Momnitonng Short term

petiod

Table 4.1 ldeal site requirements.

4.2.2 Available sites

The search for available sites was initiated by sending copies of Table 4.1 to
the five sponsoring Water companies and members of the Pipe Jacking Association
Unfortunately. the choice of schemes was led not by ideal requirements, but by any
sites available within the Water companies' areas and as it ensued, also within the
remit of a non-sponsoring water company — Anglian Water The available sites
offered throughout the research period are listed by water company in Table 4.2,

Some of the schemes offered were, due to programming or ground conditions,
unsuitable for the research and could easily be discounted — sites of interest that were
pursued are highlighted within the table. The search for a drive m soft clay led to an
interest 1n a major scheme in Bangkok, Thailand, which included many pipe jacks

One of the sponsoring Water companies has an involvement in the design,
build, and operate contract of the Bangkok scheme and initial enquiries were
promusing However, due to the logistics involved with taking the fieldwork overseas,
extra costs, programuming, and mitial difficulties on the scheme itself, it was
reluctantly discounted,

It became apparent during the search for surtable sites that it would again not
be possible to montior a pipe jack in each of the five sponsoring Water companies'

areas. Three Water companies, namely North West, Northumbrian and
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Thames, had surtable pipe jacks within their respective areas Yorkshire Waler had
few pipe jacks so instead funded the fieldwork at Thurrock, an Anglian Water
scheme. Although there were several pipe jacks within Severn Trent Water's area,
none proved suitable. The company were however willing to fund the extra costs
associated with the fieldwork to monitor a dnve on a Thamcs Water scheme in the
Cray Valley Unfortunately, the programme for this scheme was revised such that the
dnive of interest started outside the research contract period and could not therefore be
monitored. As a consequence only four of the intended five pipe jacks were

mstrumented. The {our schemes are discussed m detail below

4.3 SCHEME DETAILS

The geographical location of the four monitored pipe jacks are illustrated in
Figure 4.1. Details of the drives are summansed in Table 4 3 and discussed in detail
below. Except where mdicated, a fully mstrumented pipe as described in chapter 3

was used on each scheme.
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Figure 4.1 Location of Stage 3 schemes.
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Scheme No 6 7 8 9
Location Levtonstone, Southport, Seaham, Thurrock
East London Lancashire Co Durham
Dates (start to 17/11/93 - 2472/94 - B/3/94 | 12/7/94 - 5/9/94 | 04/01/95 -
finish of dnive) 9/1/93 20/01/95
Ground type London clay Dense silty sand | Glacal till (clay) | Soft peaty clay
Pipe size (VD mm) | 1500 1000 1800 1500
Depth 1o axis (m) 3.3 5.6 6.95 6.2
Drive length (m) 75 160 310 250
Excavation method | Hand Shury TBM TBM Sturry TBM
Chent Thames Water | North West Northumbman Anglian Water
Water Water
Contractor M J Clancy Muller- JF Donclon & Amec Tunnelhng
Markham Co
Pipe suppier ARC (spun) Spun Concrete | C 'V Buchan C V Buchan (cast)
{spun) (cast)
Table 4.3 Scheme details.

4.3.1 Scheme 6 — Fillebrook Surface Water Sewer Relief Scheme

4.3 1.1 Background

Scheme 6 was 1n Leytonstone, East London and formed part of the Fillebrook

Surface Walter Sewer Relief Scheme dunng November and December 1993. The

Client was Thames Water, Contractor for tunmelling work was M. J Clancy and the

pipe supphicr was ARC.

The monitored drive was along Wallwood Road, Leytonstone — Figure 4 2. A

75m long drive wholly within London clay, the depth to axis was approximately 8.5m

and pipe size was 1.5m internal diameter, 1.8m outer diameter Excavation was

carried out by hand using pneumatic tools within a simple steerable shield.

4 31 2 Ground conditions

A site investigation was carried out around the area for the Chent in

November 1992. This comprised five borcholes to depths of 5 0 to 12.0m along the
centre hne of proposed tunnels. Representative disturbed and undisturbed samples
were taken at regular itervals or at changes of stratum, Relatively unweathered
highly plastic London clay composed of stiff grey fissured silty clay with sandy
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laminations was encountered at depth. 'The material was classified as essentially firm

to stiff, becoming stiff at depth (see Table 4.4).

(a) Site plan,

1500mm Pipe jock [
- "

L 1 ,IY 3
| GROUND LEYEL

[ INVERT LEYEL

AR A Y

LA R Ea

- B F Y

17 CHA TNAGE

(b) Simplified long section,

Figure 4.2 Details of Scheme 6.
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Depth Description Triaxial Compression
{m)

Cell Pressure | Bulk Density Moisture Shear Strength
kPa Mg/m’ Content kPa
%

150 Stff orange-brown
shghtly sandy silty
CLAY

250 Fm to suff orange- 50 217 190 64
brown silty CLAY with
pockets of sandy st
and traces of medmm
gravel

350 Water

455 Suff brown bluc-grey Q0 198 272 80
veined fissured silty
CLAY with pockets of
sandy silt and rootlets
600 Saff brown blue-grey 120 193 271 84
vemned fissured silty
CLAY wath occasional
pockets ofgandy silt
755 Buff grey fissured silty 150 204 247
CLAY with occasional 102
pockets of stlty fine
sand

Table 4.4 Results of Unconsolidated Undrained Triaxial Compression Tests —
Scheme 6.

In addition to the Client's site investigation, Cambridge Insitu were
commissioned by the research project to carry out a series of self-boring
pressuremeter tests before tunnelling work commenced Fight undramed expansion
tests were carried out in two boreholes close to the proposed tunnel axis to a
maximum depth of 11m. Results from the pressuremeter tests are summarised n
Table 4.5. The undrained shear strengths determined from the tests, together with
those from the Clients mmvestigation, are also shown in Figure 4 3. At tunnel axis level
— about 8 5Sm — the total horizontal stress measured was about 330 kPa and the nitial
shear modulus®, G, averaged about 50 MPa.

A more reliable method for obtaining an estimate of the shear modulus is to

take the slope of the chord of the unload/reload loops Average values from the

* Value of the shear modulus obtained from the imtal slope of the pressure versus cavity strain relation
prior to matcnal yreld Thes imtal value can be strongly affected by disturbance caused by insertion of
the pressuremeter
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unloading/reloading tests are G;)= 23MPa at an amplitude of 0.38% cavity strain, and

Gurr= 20MPa with an amplitude of 0.46% cavity strain

Test Depth o 8 G, Gy G B
m kPa kPa Mpa Mpa Mpa kPa
BITI 6.4 287 94 90 i8 14 097
BIT2 7.4 327 92 35 27 20 1001
BIT3 10.1 329 97 56 26 22 1012
B1T4 111 349 141 50 28 24 1121
R2T2 0% 328 112 35 20 18 1050
R2T3 80 369 £9 45 17 18 1011
B2T3 o0 289 159 14 25 20 1134
BR2T3 100 202 150 as 24 24 1164
Table 4.5 Results of pressuremeter tests — Scheme 6
Su kPa
0 50 100 150 200 250
0 . R
' & Laboratory |
2 ! x Pressuremster (BH1}|}
4 | + Pressuremeter (BH2) !
- [ R— |
£ .
L
p=% 6 r *
© .t
(] 8 - X
-
A0 X +
x
-12 -

Figure 4.3 Undrained shear strength — Scheme 6.

4.3.1.3 Monutoring Work

Jacking forces were recorded from the start of the drive by fixing jack load

cells to the end of the rams on the jacking rig — shown in Plate 4 1 The rams had a

short stroke and required the use of spacers to tully push home 2.5m pipes. The

jackimg rig consisted of four hydranhe rams, but due to a faulty hydraulic seal on one

of the cylinders, only two of the four rams were used. Lubricant slurry was little used
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during the drive but most pipes were inserted wet due to water falling onto them from

a ruptured drain in the top of the jacking pit.

i kit i

Plate 4.1 Scheme 6 jacking pit.

The joint pressure cells described in chapter 3 could not be used because the

jacking pipes used on this site were of the in-wall type — Figure 4.4. The instrumented

pipe was inserted at Pipe 11, 27.5m behind the shield. Modification to all twelve

contact stress cells was not complete before the start of the monitoring work; only five

cells of the twelve had pore pressure transducers.

0-ring

K ool
2

%
S a

‘—Size of pressure cell

“— Packer

Figure 4.4 In-wall pipe joint.
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Excavation was carried out by hand usmg pneumatic "clay spades” to break up
the face — see Plate 4.2. Spoil was shovelled mto a wheeled skip (o be then pushed by
the muner's assistant through the pipelne mto the jacking pit for extraction by crane
Plate 4 3 shows excavated material in a skip on the surface Instruments m the pipe
were protectad from the skips by a steel lincr

Scheme 6 ground instrumentation s illustrated m Figure 45 Ground
movement instrumentation comprised three inchinometer access tubes with settlement
magnets and an array of road nails. Push-in pressure cells were installed close to the
line of the tunnel to record changes in ground stresses close to the tunnel  The thin
blades of the spade cells were positioned to record in-situ total siresses and pore water
pressures perpendicular to the line of the tunnel as the pipc jack approached and
passed A muscalculation in mstallation depth of the pressure ccll over the tunmel

centre line resulted m it being uncovered at the face of the excavation.

Plate 4.2 Scheme 6 face.

Plate 4.3 Excavated material —
Scheme 6.
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Figure 4.5 Scheme 6 ground instrumentation.
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4.3.2 Scheme 7 — Southport Coastal Waters Interceptor Tunnel, Nevill Street
Microtunnel
4.3.2.1 Background

The second momtonng exercise for Stage 3 research took place in Southport.
The overall scheme was for the construction of 5 3km of interceptor sewer, using
segmental tunnelling, for North West Water. It involved intercepting three existmg
outfalls and also the construction of two new spurs using microtunnelling techmques,
The Sub-Contractor employed to carry out the microtunnelling was Miller-Markham,
an association between Maller Civil Engmeering and Markham (runnelling machinery
manufacturer). The steel banded jacking pipes were supplied by Spun Concrete One
of the microtunnels, in Nevill Street (see Figure 4.6), was identified as a drive of
interest to this Research Project and the monitoring work commenced in February
1994

The microtunnelling was carried out using a full-face slurry tunnel boring
machine named the Miller-Markham "Super Mighty" — Plate 4.4. The fully lubricated
drive, below the water table, was 160m long in dense silty sand. Average depth to axis

was about 7 4m and the pipe size was 1.0m mternal diameter, 1.2m outer diameter.

Lo®RD 5T
- -FL
N

Figure 4.6 Scheme 7 site plan.
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Plate 4.4 ‘Supcr Mighty’ slurry machine.

4 3 2.2 Ground conditions

The stratum below the road pavement to a depth of about 3 5m was acolian

sand, comprismg medium dense silty fine sand The tunnel passes through the stratum

underlying the acohan sand. This material 15 alluvium, consisting principally of

mcdum dense grey fine sand. Bedrock, Mercia mudstone, typically lies at about 24m

below ground level.

As part of the Chent's site wvestigation, a borehole was sunk close to the

centre line of the proposed microtunnel Information from the borehole is summarised

m Tablc 4 6 Results from Standard Penetration Tests (SPTs) are shown m Figure 4 7.

The average N value in the allyvium 1s 16

Depth Description

{mm)

Q40 Road pavement - tatmac over concrete

1 80 WATER

3060 Mediwm Jense fine 1o medium SAND with occastonal angular shelt fragments up to
fine gravel s1ze Rare angular fine to medium gravel to 1 50m

1200 Medmm dense silty fine SAND with accasional angular shell fragments up to 3mm

{end of Becomung less silty with depth, medium sand content mereasing Orgame m parts

borehole) Average permeability 2 x 107 m/s

Shear strength parameters
c' = OkN/m® 4" = 43°

Fable 4.6 Borehole details — Scheme 7. .
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Figure 4.7 SPT N values.

Groundwater in Nevill Street was about 2.5m below ground level During the
site investigations variation in groundwater levels n any one observation well was
mimmal, Lypically less than 0.2m. Since readings were taken at roughly the same time
each day, it was concluded that there is no significant tidal variation in groundwater

levels.

4 3.2.3 Montormg Work

The "Super Mighty” variable speed thrust jack unit — shown in Plate 4 5 — was
fitted with two hydraulic rams mounted either side of the jacking pipe. Two strokes of
the thrust rams were required to complete the jacking of one pipe, achieved by
msertmg large pins into the assembly to move the reaction pouwt from the front flange
of the ram to the rear. The jacking umit was of a design that prevents the fixing of the
jack load cells To monitor jacking forces, pressure transducers were fitied to the
hydraulic feed circuit to record change in output due to oil pressure variation — see
Section 3.2.2 Qutput from the transducers was later converted to jackmg forces by
calibrating in controlled conditions the hydrauhc pressures against load cells

With ten pipes buried, the Celesco linear displacement unit developed a fault
and could not be repawred The main functions of this transducer — placed on the
Jjackmg rig — were to record any pushing event and the length of stroke against time
Having recorded the constant stroke lengths during the pushing of ten pipes, only the
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start of, end of, and delays during pushes were recorded by hand subsequent to the
failure. Since the change in hydraulic oil pressure during pushing is logged against

real time, the oil pressure records confirm the noted push times.

Plate 4.5 ‘Super Mighty’ jacking unit.

The pipes were brushed with "Clay cap" — a lubricant — before lowering to the
jacking pit. Also, a slurry lubricant was pumped from the start of the drive, but due to
a pump failure, there was a significant break in pumping the slurry. The effectiveness
of'the pumped lubricant is discussed in detail in chapters 6 and 7.

The jacking pipes used on the microtunnel were thin-walled, at 100mm thick,
which again prevented the use of joint pressure cells. The instrumented pipe was
positioned 2.5m behind the machine at Pipe 2. A protective liner was not required in
this instance since man-entry was required only occasionally and spoil was removed
through slurry pipes.

All twelve of the contact stress cells had been modified since the fieldwork of
Scheme 6 to include pore pressure measurement. Fear of glue line failure around the
cells with the possible catastrophic result of ground water inundating the pipeline and
machine, led to an additional safeguard within the instrumented pipe of bolting steel

straps behind each cell — illustrated in Figure 4.8.
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Figure 4.8 Steel straps behind contact stress cells.

Ground instrumentation comprised two vertical inclinometer access tubes with
settlement magnets — illustrated m Figure 4 9 — and to monitor surface setilement, a

series of studs driven into the road pavement
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Figure 4.9 Scheme 7 ground instrumentation.
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4.3.3 Scheme 8 — Seaham Bathing Water Scheme
4 3.3 1 Background

A North-South inierecptor sewer, sewage treatment works and marine outfall
at Seaham, County Durham together compnse the Seaham Bathing Water Scheme,
The site 15 centred on the Scaham Harbour area and the site of the former Dawdon
Colliery, located to the south of Seaham. The Client was Northumbrian Water and J
F. Donelon was the Contractor employed to canstruct the sewer As part of the works,
several pipe Jacks were required and one particular drive, 89 to 57 — see Figure 4.10 —
had been identified at an early stage i the research for monitoring. Entec
Engineering, Consulting Engineers to Northumbrian Water, were able to include
research items in the Contract Documents before going to Tender. Tendering
Contractors were therefore aware of the research fieldwork and could price for it
accordingly On all other Stage 3 schemes, due to shorter lead-m times, the research
work was carried out contractually as variations to the Contract.

The monitored drive was a 1 8m internal diameter pipe jack (usmg C V
Buchan steel-banded pipes) in stiff glacial clay with a depth to axis of about 7m It
was 310m long from jacking pit, §9, to reception shaft, $7, and was driven through an
intermediate shaft, 8. Excavation was undertaken with a Lovat open-face tunnelling
machine — Plate 4.6.

The Lovat machine advanced when excavating by pushing off the pipe string
using six hydraulic rams at the rear of the machine. When the machine's rams were
fully extended and in neutral, the jacking pipes were pushed up using the mam jack
rams in the drive shaft.

4.3.3.2 Ground conditions

In the arca of the monitored pipe jack below the road pavement the Client’s
Site Investigation indicated approximately 3m of made ground, comprismg mamly
colhery waste, overlymg boulder clay to depth. Several boreholes were put down
along the proposed centre line of the monitored drive of which details from one,
including results rom the laboratory testing, are summarised in Table 4.7 and Figure

4.11. Groundwater was encountered approximately 12m below ground level.
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Figure 4.10 Scheme 8 details.

Plate 4.6 Lovat tunnelling machine.
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(m)

Deseription

Tnaxial Compression

Cell Pressure
kPa

Bulk Density

Moisture
Content
%

Mg’rmﬁ

Shear Strenyth
kPa

310

MADE GROUND
mcludes tarmac road

pavement

4125

Grey brown sandy
CLAY wath a little fine
to medium gravel

85

223

17

124

stift becoming very
su(T dark grey brown
sandy CLAY, with
much fine to coarse
gravel

120

228

16

144

820

ditto becomung very
shff with accasional
wobbles

164

12

102

1110

ditto

222

14

1185

WATER

Table 4.7 Results of Unconsolidated Undrained Triaxial Compression Tests —
Scheme 8.

Su kPa

100 150

200 250

Depth m

14

300

Figure 4.11 Undrained shear strength — Scheme 8.

4 3 3 3 Moenntoring Work
As with the microtunnel on Scheme 7, the jacking rig — Plate 4.7 — had an

mtegral thrust nng fixed to the rams and it was not therefore possible to use the load

cells to directly monitor jacking forces Hydraulic oil pressures were measured and

later converted to jacking loads using calibration coefficients determined against the
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load cells — see Section 3.2.2. An IBS linear displacement unit to monitor forward
movement of the jack rams replaced the previously damaged Celesco unit.

Lubrication was not used during the pushing of the first ten pipes, but after
that a bentonite-based Iubricant slurry was pumped regularly. Times of lubricant
pumping were noted in the author's site diary.

For the first time during Stage 3 fieldwork, the pressure cells were used in the
joint of the instrumented pipe. A steel liner was again employed within the pipe to
protect instrumentation against mechanical damage. To ease instrument retrieval on
completion of the drive, it was inserted at Pipe 74 — approximately 185m behind the
machine — so that its final position would be in the intermediate shaft, S8.

There were several delays during the drive due to the machine encountering
large boulders. By retracting the machine head, access was possible to enable
boulders to be broken into smaller manageable fragments manually using pneumatic
tools. The smaller pieces were then manhandled or passed along the conveyor belt for

removal.

In addition to the inclinometer access tubes, settlement magnets and surface
settlement points, shown in Figure 4.12, an array of electro-levels was also used to
monitor ground movements. Ten electro-levels were installed in a near-horizontal
tube from the reception shaft — illustrated in Figure 4.13. The tube was installed close

to the tunnel crown to record vertical ground deformation as the machine and pipe
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string passed below To log the distance from the face to the tube, the author spent
three days in the tunnelling machine recording the rate of advance of the machine
relative to the pipe string — the machine can advance by about 1 7m ahead of the lead
pipe. Using this information with that of the distance travelled by the pipe i the
jacking pit using hinear displacement data — and knowing the number of pipes in the

ppe string, the distance from the face to the instrumented tube was accurately

calculated
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Figure 4.12 Scheme 8 ground instrumentation,
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Figure 4.13 Scheme 8 electro-level arrangement.
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4.3.4 Scheme 9 — Thurrock Southern Trunk Sewer
4 3 4.1 Background

Few detals are known gbout this scheme as the Client, Anglian Water, are a

chapter four

fieldwork

non-sponsoring water company, The Contractor awarded the phase of works in which

thc monitored pipe jack was included, was AMEC Tunnelling. The pipe jack from

Shaft L to N — Figure 4 14 — was a 260m long slurry machine drive i soft clay The

s1ze of pipe was 1.5m internal diamelter and cover depth varied between 5 5m and 6m.

The steel banded jacking pipes were again supplied by C V Buchan.
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(b) Longitudinal section.

Figure 4.14 Scheme 9 details.
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4 3 4 2 Ground conditions
The ground type through which the pipe jack was driven was soft peaty clay.
Table 4.8 describes the svils types — extracted from the client's site investigation.

Results from laboratory tests pertaining to boreholes 1 to 4 are shown in Figure 4.15.

Depth Descrniption

(m)

180 WATER (GWL closeto 0 00m A QD)

220 Soft to firm grey and brown silty CLAY

420 Soft ta very saft silty CLAY wuh secasiona] green brown roting fibres wath strong
organic odour

510 Soft to firm clayey PEAT

710 Very soft grey silty CLAY with some green brown rofting fibres and 2 strong
orgamce odour

960 Dense fine to coarse GRAVEL and grey sand

1520 Dense medium to coarse grey SAND and coarse gravel

18 50 Weak CHALK with some firm 10 coarse flinl gravel

(end of

borchole)

Table 4.8 Borehole details — Scheme 9.

Su kPa
4] 10 20 30 40 50 60
0 P
« BH1

-1 r n x |xBH3

2L 4 * +BHS.
£
< 3 F + X
§' 4 - +ex

-5 oty

6 r + * x

-7 _

Figure 4.15 Undrained shear strength — Scheme 9.

4 3 .4.3 Monitormg Work
Some of the pipe jacking team, including the machine operator and the pit
bottom men, were familiar with the research operation as they wcre previously

employed by Lilley ~ subsequently taken over by AMEC Tunnelling — on the
424
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monitored drive of Scheme 5, Cheltenham. This made for a smooth running fieldwork
exercise The Contractor operated double shifts so monitoring work was shared
between the Research Assistant and an Oxford University technician.

Jackmmg forces were monitored by fixing load cells to the four rams of the
jacking rig. The drive was unlubricated for 130m but lubricant shury (bentonite-
based) was introduced following a weekend break and was pumped for the remainder
of the drive, The instrumented pipe was inserted at Pipe 19, 47 Sm behind the
machme, immediately m front of an mterjack station. Pressure cells were placed in the
Jomt between the instrumented pipe and the lead interjack pipe. Since man-entry was
infrequent and the shurry spoil was removed through a pipe, a protective steel liner
wds not required

The slurry machine experienced severe roll during the drive resulting in pipes
as far back as Pipe 25 rolling also. Operators of this type of machinc generally
counteract roll by reversing the direction of the cuttethead while excavating The clay
being excavated however, was too soft for the cutterhead to "bite mto” and the
machine roll could not easily be corrected As that particular machine has threc
steering rams at 1ts articulation joint, the machine roll also made it difficult for the
operators to steer to line and level.

Ground instrumeniation comprising three imnclinometer access tubes and two
push-in pressure cells are dlustrated in Figure 4 16. An array of settlement points was
agamn installed on the surface to measure seitlements perpendicular to the drive
direction. A planned second use of the electro-levels did not occur due to the
Contractor musundersianding the specialist nature of mstalling a near horizontal

inclinometer tube for the sensitive instruments.

44 INSTRUMENTATION
4.4.1 Installation

The mstrumented pipes were manufactured to the author’s specification —
Figure 4.17 — with enough lead-n time for the pipe to gain 28 days strength. Holes for
contact stress cells were cither cast or drilled at the works, depending on the
manmufacturing process, to a high tolerance (+1 O0mm, -0.0mm of the mstrument

diameter) As the fit of these instruments n the pipe wall was crucial to the research, a
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specially butlt dummy cell was provided for the manufacturer to check the tolerance

of the holes before shipping the pipe to site The pipe suppliers generally waived any

additional costs for the manufacture of the special pipes
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Figure 4.16 Scheme 9 ground instrumentation.
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Figure 4.17 Special pipe.

Instrumentation was fitted into the special pipe on site by the author and an
aide. Fitting out the instrumented pipe and testing the mstrumentation would typically
take about five days Furstly the CSCs were glued into the pipe wall with a two-part
structural adhesive. The active face of the instruments were held flush to the outer
surface of the pipe by a specially built hand-held frame On the glue "going-off”, any
gaps between CSC and outer surface of the pipe were filled with a cement grout. Tube
extensometers would next be fixed to the mside of the pipe by dnlling and screwing
mto the concrete fallowed by the fixing of the data acquisition boxes. Finally, if used,
the flat pressurc cclls were glued to the packing material at the rear of the pipe

Instrumentation in the pit bottom was installed by the author under the
supervision of the Contractor's Engineer in a position away from potential damage
from the lowering of jacking pipes Jack Load Cells were fitted only to the jacking
rigs of Schemes 6 and 9 They were fixed to the end of the hydraulic jacks by welding
a mating plate to the ram ends. On Schemes 7 and 8, where due to the design of the
Jacking rigs, the load cells could not be fitled during jacking operations, pressure
transducers on 'T-piece’ fittings were installed on the hydraulic circuit close to the
feed on the rams, Plate 4.8.
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therefore required. The liners were based on the design shown mn Figure 4 18
comprising two halves resting on a timber cradle with ramps in the leading and
trading pipes. It was designed to allow the two halves of the liner to slide by 10mm
relative to each other and avoid a significant stiffening response of the concrete pipe.
When installed in the pipe, the liner caused a constriction by reducing the internal
diameter by about 300mm The final design therefore was agreed with the Contractor
ta optimise the constriction.

On Scheme 6 a circular liner, based on the Norris (1992b) design, was used.
The large skips used on Scheme 8 however, required the use of a non-cireniar liner,
Figure 4.19. A major disadvantage with the non-circular design became evident when
pipe roll occurred as shown in Plate 4 10. The locomotive drivers took considerable
care when taking skips through the instrumented pipe but some contact between liner

and skips was inevitable

443 Performance
4 4.3.1 Jacking Pit

The Celesco linear displacement unit proved to be less than robust in the
adverse conditions of the jacking pits Tt failed during the monitormg on Scheme 6
and was repaired by the author On Scheme 7 another failure resulted m it bemng
discarded. On this particular scheme, the Contractor's instrumentation on the jacking
rig mcluded a similar unit — but of a far more robust design — to monitor length of
stroke. Enquinies by the author led to the purchase of the same type of unit for use on
Schemes 8 and 9 where it was employed with few problems,

The jack load cells were of a robust design and performed very well
throughout the fieldwork producing consistent data. Mistreatment by some of the
Contractors’ employees on decommissioning, resulted in shearing some af the bolts
fixmg the domed head to the main body of the instrument. These were easily
repairable in the laboratory between schemes

The continued breaking of cable connectors at the introduction of new pipes
resulted in an accumulation of dirt on the pins that caused a loss of signal The author
regularly maintamed and cleaned the cable connectors in the pit botiom and the

prpeline to avoid signal loss where possible.
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Figure 4.19 Non-circular liner used in Scheme 8.
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Plate 4.10 Scheme 8 liner in position.

4 4 3.2 Instrumented Pipe

All mstruments in the mstrumented pipe performed well in the adverse
environment of an active pipe jack. Temperature within the mstrumented pipc was
found to be constant and there was therefore no temperature effect on strumentation
Only on Scheme 9 were there glue line failures around the contact stress cells The
pipe supplier had not been able to test the contact stress cell holes with the dummy
cell and two heles were shghtly oversized resulting in hath having ghie lme faitures
part way 1nto the drive

‘The data acquisition units, notwithstanding problems with dirt 1 the cable
connectors, were reliable and performed very well On Scheme 6 however, as a result
of a general systems failure 1t was necessary to delay the Contractor by three hours to
remove the protectrve liner for access to the boxes. The failure was traced 10 a faulty

power cahie conncetor and not the electronics

4 4 3 3 Ground insirumentation
The push-in pressure cells provided useful data on the relative change of
horizontal soil pressures and with the exception of the bult-in piezometers, the
performance was satisfactory. In the stiff clay of Scheme 6, 1t has been suggested
(Tedd et al 1984) that the cells may over-read by about half the undramed strength
The reed switch probe used to measure depth to the magnetic settlement plates
was not sufficiently accurate to monitor the small sub-surface movements of the

magnetic settlement plates.
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During heavy ram on Scheme 9, the melinometer logger failed when taking a
set of readings Several uscful data were lost at a cntical time as the fajlure occurred
as the machme approached the array of wnclinometer access tubes The logger was
returped to Soil Instruments Ltd for repair the following day where it was discovered
that such loggers should not be used unprotected during heavy rain This came as a
surprise as the loggers are invariably used outside and should be robust enough to
operate 1n conditions of wet weather

The usc of clectro-levels to measure subsurface ground movements was a
resoundmg success, the only disappointment being that they were not used on more
than one scheme The accuracy of the resulting data was an order of magnitude

greater than that from the inclinometer and settlement plates.

4.4.4 Retrieval

On Schemes 6, 8 and 9, the special pipe was left in-situ. Instruments fixed 1o
the pipe wall, and the data acquisition boxes were easily retricved following removal
of the protective liner when used. Once the pipe was stripped of on-wall instruments,
the contact stress cells were recovered by specialist drillmg contraclors who over-
cored concrete plugs containing the instruments — Plate 4.11. The resultmyg holes were
made good by the Contractor. Pressure cells in the pipe jomnts were removed by
pushing apart the joint using the interjacks on Scheme 9 and breakmg up the pipe on
Scheme 8 (the final position of the instrumented pipe being in an intermediate shaft)
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For Scheme 7 the instrumented pipe was pushed through nto the reception
shaft, lifted out and taken to the Contractor's compound. On this relatively small pipe
(1000mm internal diameter), retrieval ol instruments was made much easier Contact
stress cells were removed from the pipe wall by overcoring from outside — the drill

bit and drilling ng were together too long ta core from the inside

4.5 DATA HANDLING

Signals from the 120 channels of the pipe jacking instruments were sampled at
2 second mtervals throughout the monstormg periods. Thus resulted in large amounts
of raw data, in ASCII format, being generated — typically 15Mb to 20Mb per shift A
laptop computer was used to download data from the inclmometer logger and also for
logging electro-level data on Scheme 8. All data collected during a shift were copied
onto floppy diskettes as illustrated i Figure 4.20, with two copies made ta keep in
separate locations. A suite of programs was specially written to reduce raw data to

manageable amounts and convert them to engineering units for analysis.
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Figure 4.20 Schematic representation of data handling.
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chapter five
jacking loads

51  INTRODUCTION
5.1.1 General Information

The jacking load 15 a combmation of penetration resistance of the shicld and
frictional resistance to the pipes. Frictional resistance along the pipe strmg results
from integration of skin friction over the contact area on the jacking pipe surface
Penetration resistance is the torce required to push the shield mnto the excavation.

The accurate prediction of jacking loads is fundamental to the successful
operanion of pipe jacks The predicted forces enable correct selection of jacking pipes,
choice of excavation method, design of jacking pit and thrust wall, and the need for

lubrication and intermediate jacking stations

5.1.2 Penetration Resistance

Penetration resistance, commonly referred 1o as face resistance or face load,
opposes the advance of the shield or boring head and varies according to the method
of excavation. In open-face operations, including hand excavation and cutting head
machines, penetration resistance is the farce required to avercome the cutting edge
resistance in pressure balance operations, it 1s a2 combination of the contact pressure
of the cutting face and hydraulic pressure supporting the face.

It 15 not the mtention of this reported research programme to cover in detail
penctration resistance, It has been researched m Germany and a review can be found
in Sten et al (1989). An indication of the penetration resistance during the
instrumented pipe jacks has been obtamed from the jacking records at the intercept of

the average increase in jacking resistance with the zero axis.

3.1.3 Frictional Resistance

Frictional resistance, also known as hne fiiction, 1s influenced by many factors
and is difficult to calculate In this thesis frictional resistance is defined as the jacking
force divided by the pipeline length and will be expressed in terms of force per unit

linear metre It 1s governed by ground related parameters — soal type, cover depth etc
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- and construction-related factors includmg lubrication, misalignment and stoppages.
Estimates of frictional resistance in the UK have until recently been based on the
range of mean interfuce shear stress for different ground types given by Craig (1983).
Recent pubhcations based on results from the Oxford pipe jacking research — Pipe
Jacking Association, (1996) and Millgan & Norris (1996) — provide calculation
models to estimate frictional resistance in different ground conditions.

This chapter considers the frictional resistance for each of the Stage 3
schemes A detailed ¢xammation mto pipe-soil mteraction follows in Chapter 6
Construcuon-related factors including the use of bentonite-based lubricants, pipelne
misalignment and the effect of stoppages will each be investigated and where

applicable compared to the data from the schemes of Stage 2 research.

5.2  JACKING RECORDS
The measured jacking loads together with progress records for Schemes 6, 7, 8
and 9 are illustrated in Figures 51 to 5.4. Average frictional resistance (calculated

using linear regression analysis) has been added to each graph

5.2.1 Scheme 6

The hand drive of Scheme 6 resulted m the jacking record shown m Figure
5.1. The miner excavated approximately 0 5Sm ahead of the shield throughout the
drive and did not use the shield to trim the excavation, resulting n a face resistance of
zero. Average progress throughout the drive was 4.3m per shift. The pattern of
jacking load build up shows a peaky time dependent response where the magnitude of
oscillation increases with drive length. Average frictional resistance is 12 7kN/m and
an upper bound mcrease due to the restart forces is 19.6kN/m a lower bound, or
‘baseline’ resistance to which the jacking load returns after stoppages 1s 8.5kN/m.The
maximum increase in jacking load due to stoppage effects is 69% and occurred after
the weekend break of 4th and 5th December. Shorter delays typically result in
increases of between 20 -~ 30%. Stoppages are considered in greater detail later in the
chapter.

There is no noticeable effect due to lubrication on the jacking loads Lubricant

injection sockets were not provided in the pipes, only within the shield. Bentonite
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slurry was pumped on three occasions, and it is assumed that the volume was

insuffictent to fill the large and erratic overbreak

5.2.2 Scheme 7

The jacking records for Scheme 7 arc presented in Tigure 5 2. The penetration
resistance, measured from the vertical axis using the average frictional resistance over
the initial 25m, was 592kN. A prominent feature of the jacking record is the change n
average Jackmg resistance ranging from 2.6kN/m to 41 6kN/m. Misalignment was
negligible and ground conditions were relarively uniform from the available borehole
logs The change m jacking resistance therefore 1s assumed to be solely due to
lubrication effects In accordance with the Client’s specification, each pipe was coated
with a clay-cap polymer prior to insertion. In addition to this slip coating, bentonite-
based lubricant slurry was pumped nto the pipe string from the start of the drive
After jacking a distance of 25m however, the Contractor began to experience
problems with the lubricant pump At a distance of 70m jacked, the pump failed
completely. A further 40m of pipeline was jacked during a two day period with no
lubricant pumped and the average jacking resistance mcreased from 9 OkN/m to
41 6kN/m. On recommencing lubrication — with a replacement pump — the average
resistance decreased to 3 lkN/m The average progress per shift of 16.2m was not
impcded by the enforced break in pumping lubricant.

The effect of lubrication is discussed m more detail later in the chapter.

52.3 Scheme$8

Lubrication and stoppage effects are evident in the 54 days of jacking records
for Scheme 8 — Figure 5 3 Generally progress of 7 9m per shift was achieved on this
long drive The first 25m were driven unlubricated with an average frictional
resistance of 48kN/m. On introducing the bentonite-based lubricant — pumped
frequently for the remainder of the drnive — the average resistance decreased to
15kN/m. Although marked by several time dependent peaks, the average jacking
resistance over the {inal 75m of the drive [kl even [urther to 2kN/m  This further
reduction in the latter stages of the drive is probably due to shurry filling the overbreak

throughout the full length of pipeline Face resistance measured from the vertical axis
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usmg two average jacking resistance’s of I1SkN/m (lubricated) and 48kN/m
(unlubricated) are 335kN and 328KkN respectively

The well defined peaks m jacking load are due to restart forces following
weekend stoppages. The maximum jacking force recorded is a restart force of 6393kN
following an cxtended weckend break of the 19th, 20th and 21st August and is

equivalent to a 66% increase in resistance.

52.4 Scheme9

The jacking records for Scheme 9 are shown in Figure 5.4 Double shift
working was employed from the start and the only significant stoppage was during the
weekend of 14th and 15th January. Contmuous working resulted in few time-
dependent peaks and relatively uniform jacking resistances The drive was
unlubricated for 130m with a uniform increase in jacking resistance of 25kN/m On
secing the 44% mcrease 1 resistance on start-up followmg the stoppage, the
Contractor opted to lubricate before pushing any further. The jacking resistance then
decreased rapidly to a lower uniform frictional resistance hine of 14kIN/m — this effect
1s discussed later in the chapter. Face resistance from the intercept of the average
frictional resistance 1s 680kN and 746kN for unlubricated and lubricated respectively

The rate of advance depended upon the shift team, one team generally

progressed al 18.1m per shift and the second team at an average of 10.4m per shift.

5.2.5 Summary of all monitored schemes

Average frictional resistance and measured face loads for the nine monitored
schemes are summarised in Table 5.1. The measured frictional resistances are also
expressed as mean mterface shear stresses to compare them to the hmits quoted by
Craig (1983). With the exception of Scheme 3, the measured interface shear stresses
are lower than the Craig valucs.

The penetration resistance was relatively small in the saff cohesive soils of
schemes 1, 3 and 8, and negligible at scheme 6 where the miner excavated a generous
overbredk shiphtly ahead of the shield At scheme 2 the large face load resulted from

the shield being used to trim the base of the excavation At scheme 4 the resistance
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was related to excavation and trimming at the shield When the miner excavated to a
diameter slightly larger than the shield, resistance was very small; when the shield
was used to trim the excavation, the penetration resistance mereased by almost
800kN., In the siurry machine drives of schemes 5, 7 and 9 the large face loads include

slurry support pressure and resistance of the shicld trimming the excavation

Scheme | Sozt type Measured | Notes Measurad Mean Craig
penetration fnictional | merface | (1983)
resistance resistance shear limiis

stress
(KN) (kN/m) (kPa) | (k)
1 Stiff glacial clay 120 | Dry 72 15 518
Wet 298 62
2 Weathered muodstone 950 | First 40m 80 13 2-3
3 London clay 300 544 76| 5-20
4 Dense silty  sand/ 100-80G | Unlubricated 231 42| 520
sandv silt Lubricated 94 17
5 Sand and gravel 1200 | Unlubricated 100 220 10-15
{below water tablc) Lubricated 10 22
6 Londen clay ¢ 19 6 upper 344 520
12 7 average 22
8 5 lower 15
7 Dense silty sand 392 | Full lubrcation pA 671 10-15
{below water tabie) Imperfect
lubrication 41.6 110
8 Stff glacial clay 335 | Unlubricated 48 71 5-18
328* | Lubnicated 20-15 03-22
0 Very soft clay and 680 | Unlubricated 25 44
peat 746* | Lubricated 14 24

* Values based on lower resistance line intercept with vertical axis

Table 5.1 Penetration and frictional resistances for Schemes 1 to 9.

Jacking records from the nme schemes have been simphfied and separated
into cohesive and granular soil types i Figures 5 5 and 5 6. These plots reduce the
complex field data to face loads (measured on the vertical axis) and average frictional
resistances. The notable points are: the merease in resistance n Scheme 1 following
heavy ramfall; the marked increase in Scheme 2 occurring as the pipeline progressed
from mudstone mto boulder clay; the abrupt drop in resistance in Schemes 5, 8 and 9
at positions where lubrication was ntroduced; and the variable change mn gradient of

the average resistance line due to lubrication procedures in Scheme 7.
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Figure 5.6 Simplified jacking records for the schemes in granular soils.

3.3  The influence of construction-related factors
5.3.1 Laubrication
53 11 Types of lubricant

The use of lubricants to reduce frictional resistance has long been common
practice mn pipe jacking The main function of lubricant slurry s to provide sufficient
mmternal pressure to stabilise the tunnel and prevent ground collapsing onto the pipes.
The sturry must be designed (o [orm 4 Glter cake at the Face of the tumnel bore without

excessive bleeding of material and must overcome ground water pressures Clearly it
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must fill the complete overbreak space before this can be achieved. In this situation,
large diameter concrete pipes are theoretically buoyant.

Lubricant slurries used m pipe jacking are usually of waier-based benionile
formulations Recent developments have seen the use of polymer formulations and
foams — commonly used in the o1l industry  gamning acceptance as pipe lubricants but
many conlractors are reluctant to use them because they are not yet cost effective in
comparison fo bentonite. Ship coating materials including ‘clay-cap’ (a bentonite fluid
with additives) are also used but are more common 10 non man-entry microtunnelling
where temporary pipes within the pipeline cannot he ser up. Rentonite lubricants were
used on Schemes 4 to 9 — a clay-cap voating was also applied to the pipes in Scheme
7

53 1.2 Injectton arrangement

Bentonite shurry is gencrally made from powder and water and 1s prepared
with the aid of a colloidal or grout mixer It 1s good practice to allow freshly mixed
shurry suspension to swell for several hours before use. The slurry is injected into the
overbreak void by a suitable pump through mjection sockets connected to a temporary
pipe system as illustrated in Figure 5 7. The injection sockets should be designed to
ensure thar starry 1s uniformly distributed along and around the pipe string to form a

continuous layer of lubricant

Figure 5.7 Typical lubrication arrangement (courtesy the Pipe Jacking
Association).
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In Scheme 7, ‘lubricant pipes’ (jacking pipes with lubricant injection sockets) had
single sockets amd were mserted every fourth pipe but there was no apparent pattern to
the attitude of the sockets. At the front of the pipe string, injection sockets were
located on the night of the pipeline in the shicld and pipe 4 — Figure 5.8. The next two
sockets were in pipe 8 and pipe 12, on the right and n the top respectively.

Shield 1
Shield 2| 1 :SN‘"

Pipe 1

Pipe 2 (IP)

Pipe 3
IS = injection socket Pipe 4| - ;ISNo,

Figure 5.8 Lubrication injection arrangement in Scheme 7.

Shear stresses recorded around the rear of the instrumented pipe placed at pipe
2 — Figure 5.9 — are very low on the bottom and right of the pipe, consistent with the
shear resistance of bentonite shurry, but significantly greater at the top and left
positions

These data show that contact between ground and pipe only occurred on the
top-left quadrant due to a non-uniform distnbution of slurry as depicted m Figure
5 10 In contrast, lubricant pipes in Scheme 8 had three sockets — one in the top and

two at axis level as Hlustrated in Figure 5.11 - and were inserted every third pipe
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Figure 5.10 Non-uniform distribution of lubricating slurry in Scheme 7,
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Pipe73F = 43No IS

Pipe 74 (IF)

Pipe 75

Pipe 76

3 No. IS

IS - injection socket

Figure 5.11 Lubrication injection arrangement in Scheme 8.

Shear siress data from the Scheme 8 instrumented pipe, mserted at pipe 74
next to a lubricant pipe, are shown in Figure 5.12. These data are consistent with the
whole of the pipe shding through a low shear zone of slurry and other than the first
10m of the tumnel bore, there appears to be little contact between pipe and ground.
The regular pattern and greater number of injection sockets per lubticant pipe m
Scheme § clearly results in a more uniformly distributed and more effective lubricant

A detailed discussion on contact stress records follows in chapter 6.

5.3.1.3 Lubricant effectiveness

Other factors mcluding consistency, quality and volume have been shown to
influcnce the effectiveness of bentonite slurries (Stemn et al, 1989) but since
monitoring these parameters was not included m the reported research programme,
they will not be discussed

Lubricant eticctiveness is also dependent upon the type of ground. In cohesive
soils where the tunmel bore — dependmg upon 1ts stability ~ may remain open,

lubricant introduced some way into the drive can work its way over the whole pipe
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Figure 5.12 Scheme 8 shear stresses — pipe centre.

string resulting in reduced friction along the whole length. This situation is depicted
by line I of Figure 5.13 This effect 1s evident in the reduction of frictional resistance
in Schemes 8 and 9 — Figures 53 and 5.4 above — where the average frictional
resistance reduces rapidly to a line of lower resistance after introducing bentonite
lubrication The Imes of lower resistance are characterised by a having approximately
the same intercept on the vertical axis as the unlubricated resistance. In granular
ground, where soil unsupported by slurry will collapse onto the pipes, the mtroduction
of lubricant part way mto the drive may only have the effect of reducing the
subsequent gradient of the average jacking resistance — depicted by lme [l This is
illustrated in the change in jacking resistance in Scheme 7 upon recommencement of
pumping bentonite at a distance of 107m jacked — Figure 52 — with a reduction in

gradient from 42kN/m to 3kN/m.
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Figure 5.13 Effect of lubrication in different soils.

Line JII of Figure 5.13 illustrates another pattern in jacking load reduction i granular
soils due to lubrication. Here the reduction in friction is characterised by a rapid decay
to a hine of lower resistance, but unlike that 1n cohesive soils, with an intercept on the
vertical axis of greater magnitude than the untubricated line: in this case the lubricant
has probably had some beneficial effect over the previously unlubricated length

5.3.1.4 Reduction m frictional resistance
The ecffectiveness of bentonite-based Iubricants in reducing frictional

resistance on the monitored schemes is summarised in Table 5.2

Scheme | Pipe 1D Sou type Cover Mean fnctional resistance | Reduction in
No {mm) (m) (kN/m) friction
(%)
Unlubricated | Lubncated
4 1200 Dense silty sand 7-10 23 9 59
5 1260 Sand and gravel 4-7 1040 10 bl
6 1560 London clay 6-8 - 13
7 1000 Dense silty sand 5-8 - b)
- 42 {break) | 79(increase)
- 3 03
g 1800 Stiff glacial clay 6 48 15 69
9 1500 Very soft clay 556 25 14 44

Table 5.2 Reduction in frictional resistance for Stages 2 and 3 schemes.

Lubrication was not used m Schemes 1, 2 and 3. Injection sockets were
provided only within the hand shield in Scheme 6 but very little lubricant was pumped
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and this had no noticeable effect on the jacking loads in London clay The lubricant
pump failure mn Scheme 7 resulted in a significant period where no bentonite shury
was pumped This pause saw a 79% increase m frictional resistance to a high value of
42kN/m which on recommencement of pumping fell to 3kN/m, a 93% reduction. In
the cohcsive soils of Schemes 8 and 9 the wmitroduction of benlonite resulted m

reductions of 69% and 44% respectively to a similar Inbricated resistance — 1 5kN/m

5.3.1.5 Buoyancy

If the overhreak void can be filled with pressurised lubricant then the pipeline
may become buoyant Norris (1992b) reports pipeline buoyancy in Scheme 5 where
tunnel surveys show the pipe level lifting by about 20mm afier lubricant mjection and
pipe/ground contact data show larger interface stresses on the pipe top than on the
bottom The pattern of interface stresses m Scheme 7 shows pipe buoyancy occurring
with most of the contact between the instrumented pipe and ground on the top as
illustrated above in Figures 59 and 5 10. Chapter 6 includes a detailed record and
description of all the contact stresses and discusses buayancy further.

5.3.2 Pipeline alignment
5.3.2.1 Significance of pipeline ahgnment

The degree of misalignment between pipes within the pipe string can be of
considerable significance in generating additional interface friction between pipes and
soil and controlling the total jacking load that can be transmitted safcly through the
pipe joints. By ‘misalignment’ 1s meant the angular deviation between the central axcs
of successive pipes The misalignment angle, 3, is defined in Figure 5.14 In an ideal
pipe jack, no such deviations would exist, but in practice irregularities m ground
conditions, excavation methods and operator error can contribute to the front of the
shield deviating from the ideal course. To maintain line and level as close as possible
to that required, steering corrections are continually made, resulting in the pipe string
invariably takng a zig-zag course. The most critical situation for jacking pipes
usually arises from edge and diagonal loading when angular deviation — resulting

from a zig-zag course — becomes relatively large
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Figure 5.14 Misalignment angle, 3,

The normal practice has been to specify allowable limits for errors in line and
level at any pomt along the tunnel, typically 50 or 75mm. While these limits may be
necessary to maintain adequate clearance from obstructions or other services, or to
provide correct hydraulic flow conditions. Ripley (1989) and Norris (1992b)
demonstrate that they are msufficient as a means of controlling angular deviations
between successive pipes to within acceptable limits for transmission of large axial
forces, The measurement of actual angular deviations achieved in practice will
therefore allow reasonable specifications in terms of nusalignment angles and line and
level tolerances.

The effect of misahgnment on jacking loads is very difficult to assess. A direct
comparison of jacking forces for musaligned and perfectly straight pipe jacks, in
similar conditions, 15 not possible due to the limited database The effect of
misalignment will therefore be assessed by considering the increase in radial and

shear stresses on misaligned pipes — discussed m Chapter 6

5 3 2.2 Alignments achieved in practice
Measuring rusalignment

To investigate the effect of misalignment, some angular deviation on the
instrumented pipe jacks was desirable However, the author did not influence in any
way the muners or machine operators m sleering control; measured abgnments
therefore are typical of those normally achieved In practice. Line and level surveys

were carried out to measure horizontal and vertical dewviations respectively and
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misalignment angles were accurately measured at the instrumented pipe jomts by pipe

jomnt movement mstruments,

Stage 2 schemes

Figures 5.15 to 5.18 show the plots of tunnel alignment surveys on four of the
five sites of Stage 2 research. Schemes 1, 3 and 4 illustrate well controlled drives
where line and level satisfy specification.

The variation in misalignment angle, B, in Scheme 1 is greater than for
Schemes 3 and 4 hecause the instrnmented pipe was positioned close to the shield
and, in addition to variations in line and level, was mfluenced by steenng corrections
by the miners The position of maximum misalignment angles, 0.3°, in Schemes 3 and
4 agree with the position of abrupt change in line and level: where steering corrections
are gradual, typical misalignment angles of 0.1° result.

Line and level significantly exceeds specification m Scheme 3. In the section
of tunnel between chamages 90m and 135m, values of B were as large as 0.82°,

resulting in locahised crushing damage at a number of pipe joints
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Stage 3 schemes
The tnmel alignment surveys for Schemes 6, 7, 8 and 9 are shown n Figures

5 19 to 5.22. Scheme 6 was the only hand-driven pipe jack momnitored during Stage 3
research. The miner maintamed very good steering control over level, but deviated
considerably from line at the start of the drive. The abrupt steering corrections
resulted in misalignment angles as large as 0.8°. A power fatture to the
nstrumentation at chamnage 10m probably means that the maximum misalignment
angle was missed. Evaluation of the joint angular deflection using line and level
information at this location — analysis presented in Appendix C — indicates an angle of
09° A smilar steering correction at chainage 21m gives a measured misalignment of
038°

Only one line and level survey was carried out m the pipeline of Scheme 7 due
to difficulty of surveying within a 1000mm miernal diameter pipe. The results show
excellent control with musalignment angles of no greater than 0.1°, and probably
reflects the optimum performance in pipe jack alignment

As is typical of most pipe jacks, line and level control mn Scheme 8 1s poorest
at the start of the drive Sreering corrections to the level were very gradual and
consequently had little effect on misalignment angles. The sudden changes in line at
chainages 40m and 100m result in values of § of 0 35° An interesting feature of this
alignment 1s the apparent fluctuation in level between chainages 0- 60m and 110-
130m The level of the tunnel falls by approxmmately 20mm between the surveys of 4
August and 16 August {his is probably due to pipe bemg buoyant on the 4% and
sitting on the base of the tunnel bore on the 16", slurry having lost water into the
ground and consolidated under pipe weight during the weekend before

The operators of the slurry shield used in Scheme 9 experienced steering
difficulties due to the machine rolling in the soft clay The resulting alignment
deviated from axis, in both line and level, by 200mm in places At chainage 120m,
where there was an abrupt change n line, misalignment angle measurements were
agamn mussed due to an mstrumentation signal failure. At about chainage 140m, where
again there 1s a rapid change m line, there 1s a corresponding increase i misalignment

angle to a maximum of 0 42°.
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5.3.3 Stoppages
The effect of stoppages in requiring larger jacking forces to advance the pipe
string, primarily in cohesive soils, is mvestigated using jacking load data from Stage 2

and Stage 3 schemes

53.3.1 London clay

The jacking loads of Schemes 3 and 6 (Figures 5.23 and 5.1 respectively),
both in highly plastic London clay, show sigmficant peaking alier stoppages between
pushes, between shifts, and over night or weekend breaks. A weekend stoppage 1n
Scheme 6 resulted in a 400kN increase in jacking load while stoppages of about 2
hours typically resulted in restart forees 250kN greater than at the end of the previous
push.

€.0

HONOR QAK

L4,
=

-~
(=

[ 1)
o

JACKING FORCE (kN)
{Thousands)

0 20 40 60 80
LENGTH OF DRIVE (m)

Figure 5.23 Jacking record for Scheme 3 (after Norris, 1992b).

Restart forces over short sections are presented i Figure 5.24 The repeatable
pattern is one of higher restari forces required, following even very short delays, to
‘break the bond” and then jacking loads decreasing to a “basc line” value. The effect of
stoppages on total and effective radial stresses 1s discussed in chapter 6.
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Figure 5.24 Time dependent effects on jacking loads in London clay.
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Increases in jacking loads have been normalised with respect to the total
jacking load at the end of the previous push and plotted against the natural logarithm
of stoppage time mn Figure 5 25. Though marked by considerable scatter, the linear
relationships obtamned for both schemes — Figure 5 25(b) — are in good agreement

The Iear rate of increase in jacking load can be expressed by

Scheme 3: SP/P =259 + ( 058In(t)

Scheme 6:  3P/P =0 258 + (.039In(t)
where t = time (hrs)

The relationship shows significant mcreases m load can occur within an hour

or two of the pipeline becoming stationary.

5.3.3.2 Stiff glacial clay

Scheme 1, Bolton, and Scheme 8, Seaham, were in stiff low plasticity glacial
clay The time effect on Scheme 1 1s not particularly marked — Figure 526 ~ but
Norris (1992b) reports overnight and weekend stoppages resulting n increased restart
forces of typically 200kN greater than at the end of the previous push Normalised
mcrease m jacking loads, Figure 5.27, show a reasonable linear relationship. The
increase in moisture content during the latter stages of the drive is also shown to
significantly increase the factor. The rate of increase m jacking load can be expressed

as follows:

Scheme 1 (dry): SP/P = 0.113 + 0.004In(t)
Scheme 1 (wet).  SP/P =0.042 + 0.045In(t)

Notable features m the Scheme § jacking record — Figure 5.3 — are the widely
spaced peaks in jacking load after weekend stoppages — details are included i Table
5.3. Following the weekend of the 6th and 7th August, the Contractor attempted to
reduce the large restart forces by having the pipelne pushed a nominal 0.5m during
subsequent weekends. However, reducing the time during which the pipe string was
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Weekend | Distance | Stoppage | Restart SP/P Notes

Jacked (hrs} force

(o) (N)
16-17 Jut 16 102 1222 nil No weekend work - long stoppage due to

work on TR

23-24 Jul 51 66 1182 008 No weekend work
30-31 Jul 104 70 2676 042 No weekend work
6-7 Aug 149 70 435 070 No weekend work
13-14 Aug 191 di 5834 083 Work haif-shift on Saturday morning
20-21 Aug 230 64 6393 0 &9 Line pushed § 5m
27-28Aug 267 90 6158 45 Lune pushed 9 5m
3-4 Scpt 291 71 5790 035 Lige pushed 8 5m

Table 5.3 Scheme 8 restart loads following weekend stoppage.

stood durmg weekend breaks did not significantly reduce the restart loads. Jacking

forces over a short section are presented in Figure 5.28 The repeatable increase in

restart jacking forces, notable in London clay, is not evident in Scheme 8 The time

relationship causing the large restart forces appears to be different to that observed m

Schemes 3 and 6 The pronounced peaks are probably due to some of the lubricant

slurry dissipating into sand layers present i the glacial till, and the pipe string settling

back onto the bore invert. Moving the pipeline forward and pumping fresh lubricant

brought the jacking load down to the lubricated value.

Q0 ;
80 : . 0 Smpush GO Funute 270 mimmete
. ' on Saturday stoppage stappage
7000 - - =g v 70T
I stoppage 52 minute
E000 - - 7 1Y stoppage

23 menute
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:

Jacking force kN

2000 - b b e e o fe S D
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' sioppage

1 |
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Distance m

Figure 5.28 Time dependent effects on jacking loads of Scheme 8.
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The normalised increases m jacking loads for Scheme & are presented m

Figure 5.29 The large scatter of data and the effects of lubrication prevents a

meaningful linear expression

10 . _ : . .

06

04f -~ -

62

T
i

Change in load/Total load

oo

02 ' '
5 4 -3

LN stoppage hrs

Figure 5,29 Stoppage factors in the stiff glacial clay of Scheme 8 (including
linear relationships of Scheme 1).

53 3 3 Soft clay

In the soft peaty clay of Scheme 9, contmuous working gave few significant
stoppages, a notable exception being the weekend of 14th and 15th January. The
restart jacking load after the weekend break was 1740k greater than the force at the
end of the previous push, Figure 5.4. This increase was probably due to the ground
closing onto the pipeline over a two day period. Pumping lubricant had the effect of
reducing the jacking loads as pipe jacking restarted. Detailed examination of jacking
forces after short stoppages show hittle or no mcrease — Figure 5 30. Data powmts for
all stoppages have been plotted against normalised increase of jacking load in Figure
5.31. There is appreciable scatter and the lubricant appears to have little effect on
subsequent restart forces. It 1s suggested that stoppage effects are negligible in soft

clay
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54 CONCLUSIONS
The main conclusions are
1 Lubrication may be very effective in reducing frictional resistance 1f properly
unplemented m appropriate ground conditions.

n In stable bores, or bores supported by slurry pressure, pipes will becomc
parttally or wholly buoyant within a lubricating fluid.

i In unstable ground the lubrication operation should commence as soon as
possible alter the stan of the drive, mn very soft clay and ground where the bore
is stable, lubricating need not start until the limting jacking load 1s approached

iv  In high plasticity clays, delays between pushes resuli in significant mereases in
the jacking load required to advance the pipe string. This “stoppage effect’ is less
sigmificant m stiff low plasticity clays, and negligible m soft clay and

cohesionless soils.
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chapter six
pipe-soil interaction

6.1 INTRODUCTION

The purposc of this chapter is to mvestigate the interaction between pipes and
ground durmng pipe jacking Contact stress cells built into the wall of the instrumented
pipes allowed measurements to be made of pore pressures and normal and shear
stresses at the pipe-soil terface The magnitude of shear and normal (or radial)
stresses ndicate the extent of comtact between pipe and ground and their ratio
provides a measure of mterface friction.

The chapter initially considers the interface stress records for each of the
instrumented schemes. The four pipe jacks monitored during research Stage 3 are
considered in detail, but interface stresses from Schemes 1 to 5, research Stage 2, are
only summansed as full details are provided by Norris (1992b) The difference in
mterface behaviour in the soll types of the monitored schemes is then exammed by
reviewing plots of shear stress against total and effective radial stress during jacking.
The influence of construction related parameters, including pipeline misalignment,
stoppages and use of lubricants, on jacking loads was descrnibed in chapter five. Each
of the threc parameters 1s again covered m this chapter but with the emphasis on how

interface stresses are affected.

6.2 INTERFACE STRESS RECORDS
6.2.1 Scheme 6

The local mterface stresses in the highly plastic London clay of Scheme 6 are
shown in Figures 6 1 to 6 4 Only five of the twelve contact stress cells had been fully
modified to incorporate pore pressure transducers for this scheme Two modified cells
were placed in the bottom of the instrumented pipe, one in the top and one in each
side The pipe was mserted 25m behind the shield and passed through the excavation
9 days after the shield

Peak and average values from the presenied data sets (excluding effective

radial stresses) are summansed in Table 6.1.
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Position Rear Centre Front
8] T u . [+ T u L) T V8
(kPa) (kPa} (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) {kPa)
pcnk1 av |peakj av fpeak | av | peak | av {peak | av [peak | av |peak ] av Jpeak | av | peak | av
Bottom - - 60 8F 20¢ -1 247! 300 477 9| - - | 278! 33% 48! 14| i65] 19
Left 128 of 3t 0f 170 1| 931 61 12t O] - -1 397 3} 17 2| -4 -
Top 420 21 21¢  2f - & - | 46y 1F 21y 4 - 0 - ] 51 o 19) 1| 287 2
Right 340 1] 9 o - - Bi 01 2f o 100 of 9 2f 2f -

Note © denotes total radial stress, T denotes shear stress, u denotes pore pressure
Table 6.1 Scheme 6 peak and average interface stresses.

Radal stresses at the rear-bottom position are unrehable due to an error in
calibration. The pattern of pore pressure data from the two bottom cells 15 very
different and it is not clear which, if any, response is reliable. The pore pressure
transducers were checked and calibrated in the laboratory before and after the
monitoring period and both had a stable and linear response. The difference m
response remains inexplicable and there is therefore some doubt in the vahdity of the
bottom pore pressures and effective radial stresses Notwithstanding the erroneous
radial stresses at the rear and questionable pore pressures, the bottom plots — Figure
6.1 — show excellent agreement between the three cells for shear stresses and good
agreement for total radial stresses between the front and centre cells. Peak mterface
stresses were obtamed over short lengths with a lower overall average for the total
length The peak values are 278kPa and 60kPa [or lotal radial stress and shear stress
respectively.

Plots representing mterface stresses along the left of the pipe, Figure 6.2, ate in
good agreement and show the only significant contact between the pipe’s left axis and
ground occurring between chainages 18m to 21m. The peak radial stress of 93kPa —
centre cell — corresponds with the abrupt change i pipeline alignment at about
chamage 20m (Figure 5.19). Further detarls of misalignment cffects arc covered n
section 6 3. Interface stresses on the top of the pipe, Figure 6.3, indicale some pipe-
s0il contact between chainages 2m to 3m and 5m to 6m This is probably due to the
erratic nature of hand excavation causing local irregularities in the tunnel bore The

plots of Figure 6.4 indicate no significant contact along the right of the pipe.
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The overall pattern of interface stresses shows that contact between pipe and
ground generally only occurs at the bottom and that the pipe is shding along the base

of an open bore

6.2.2 Scheme 7

The nterface stresses recorded around the Scheme 7 mstrumented pipe are
shown m Figures 6.5 to 6.8. The pipe was mserted as the second pipe in the string,
2 5m behind the slurry shield. The contact stress cell at the front-top position was
damaged prior to pipe msertion and produced no data The damage was caused by a
severe pull on the mstrument cable resnlting in the dislodgmg of wires to the
Cambridge earth pressure cell. The Keller pore pressure transducer i the centre-right
cell failed to produce a linear response during pre-scheme calibration and was
therefore excluded from data logging during the monitoring,

All pore pressure plots show excellent agreement with calculated pressures
and indicatc hydrostatic pore pressures generally existed during jacking in the fine
sand. Pressure mcreases above hydrostatic on the whole correspond with the pumpimng
of lubricant Pore pressure data considered together with total radial stress data
provides vety uscful mformation on effective stress behaviour. Peak and average

mterface stresses, in terms of effective stress, are presented in Table 6.2

Position Rear Centre Front
o’ T u G T u G T u
(kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPs) | (kPa) | (kPa)
peak | av | peak | av | peak | av |peak | av | peak | av |peak | av |peak | av | peak | av | veak | av
Bottom 49 4] 38 5/ 861 43| 41 6l 22 31 831 50| 51 1y 22 1| 89 54
Left 2000 49} 1531 401 74: 41| 171% 457 123F 29 100 46| 65 Tt 539 10| 74 43
Top 1221 44| 871 31! 471 38| 67f 16| 391 8f 70 38| - | - | -1 - | -
Right 26{ 2| 14] 2| 80] 44| d6fwiz| 46] 9y - | - | 82| 13} 55} 9| 87| 45

* calculated using hydrostatic pressure
Table 6.2 Scheme 7 peak and average interface stresses.
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Bottom interface stresses — Figure 6.5 — are close to zero for most of the drive
because the pipe is buoyant m groundwater and lubricant The average shear stress,
recorded at the centre position, is 3kPa and the corresponding effectrve radial stress 1s
6kPa. Peak stresses on the bottom occur at chainage 111m where there 15 clearly some
contact between pipe and so1l. Figure 6.9 shows a transfer of shear stress from the top
of the pipc to the bottom at this parucular location suggesting a loss of buoyancy at
this position There is no noticeable increase in jacking load at the time of thus
occurrence and 1t is assumed therefore that the effect s local. Pipe buoyancy has
caused significant contact with the crown of the tunnel bore and 1t 1s interesting that
the extent of the contact appears to be concentrated at the rear of the pipe (Figure 6 6)
This may be due to the pipe being subject to a longitudinal rotation and/or pressurised
lubricant from the front injection socket (placed in the shield) forming an effective gel
around the leading half of the pipe. Buoyancy and the effect of lubrication on interface

stresses are discussed further in section 6.6,

a0
u rearbottom < reartop
7
80y & e e
v F
a w P
S b T . W E
] P v
8 X r 7 e
a " =¥ ¥
= W ] L 8 = 7 ¥
g 20b o Em. R {%\ -------------
= W e L
%7 T _m it
E . w wr :
1) %:om??;- e :.
z S
' 7 é’v
-20 1 1 1 L i
104 106 108 110 112 114 116 118
Chamnege m

Figure 6.9  Scheme 7 shear stresses at rear-top and rear-bottom positions
between chainages 105m and 117m.

Interface stresses along the left of the pipe, Figure 6 7, clearly show pipe-soil
contact occurring. The pattern, as in Scheme 6, is one of peak stresses obtawned over
short lengths with a lower average for the total length. As at the pipe top, the
magnitude of stresses 15 generally greater along the trailing half of the pipe At the

pipe rear, the average shear stress is 40kPa and average effective radial stress is

6.12
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49kPa. At the front of the pipe average stresses are 10kPa, shear, and 7kPa, effective
radial. Conversely, interface stresses recorded along the right of the pipe, Figure 6 8,
indicate very little pipe-soil contact with the ground at the rear but mtermittent contact
at the front, suggesting that the pipe may also have been subject to a lateral rotation.
An effective layer of lubricam gel along the right of the pipe resulted in the low
interface stresses, the averape values at the front are 9kPa and 13kPa for shear stress
and effective radial stress respectively.

In conclusion, contact between the soil and instrumented pipe only consistently
occurred along uts tratling half at the left axis and top. The distribution of radial
mterface stresses, illustrated in Figure 6.10, may be due to a combination of lubricant
pressure and the heavy shield (unbkely to be buoyant) drawing pipes 1 and 2
(mstrumented pipe) down towards the tunnel invert.

“& LEncant 15
=L T LT E EDI[]

'\\ denetes rzat . magritade 27 intarfzce s-razzas

P =inst~ mented upe

FI AN VFA

Figure 6.10 Distribution of Scheme 7 radial interface stresses.

Figure 5 10 shows the conjected circumferential dispersion of lubricant around
the pipe caused by buoyancy and position of lubricant injection points - discussed in
the previous chapter The data show that even in an almost perfectly straight pipeline,
pipe-so1l contact around and along the pipe can still vary greatly
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6.2.3 Scheme 8

Scheme 8 mterface stresses are shown in Figures 6 11 t0 6.14 The Keller pore
pressure transducer m the centre-top contact stress cell failed to produce meaningful
data during pre-msertion testing of mstruments and has been excluded from analysis.
The nstrumented pipe was placed as pipe 74, about 182m behind the shield. The
tunnel bore was lubricated and approximately 30 days old as the instrumenied pipe
was pushed through 1t At chainage 58m, the cable to the front-bottom cell was nipped
and damaged by an orcot bearing on the protective hiner (Figure 4.19). The subsequent
output became spurious and was removed from further logging

There 15 excellent agreement between readings {rom cach array of three cells,
along the bottom, left, top and right of the pipe. Consistency in pore pressure and total
radial stress measurements has produced very useful mformation on effective stress
behaviour in the stiff glacial clay The overall pattern of interface stresses shows more
uniformity around and along the pipe than that observed at Schemes 6 and 7. Total
radial stresses and corresponding pore pressures of almost equal value result in
relatively low average effective stresses. Peak and average values of shear and

effective stresses and pore pressures are included in Table 6 3

FPosition

Rear Centre Front
a 1 u G T L o T u
(kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPw) | (kPa) | (kPa)
peak | av | poek | av |peak | av [peak | av | peak | av |peak | av fpeak | av [peak | av | peak ] av
Botiom 38 1l 1 2] 246, 78 201% 15 8 1] 256, 80§ 105 20| 8 2| 198; 62
Left 124 3| 447 4] 1927 751 371F 10| 94 4| 234: B4 167: 12 21 3| 2171 85
Top 1921 2| 43 6| 354] 31! - - 12§ 3| - - 1229; 171 BO: 3| 458% 35
R]ght 198 241 74 4| 2551 49, 2057 42 BB 5| 368 o6] 208: 28} 122 5| 344: 58

Table 6.3 Scheme 8 peak and average interface siresses.

Bottom interface stresses, Figure 6.11, mdicate the pipe shiding through a weak
shear zone. The average shear stress is 2kPa and average effective stresses are, with
the exception of two peaks recorded at the centre, uniformiv low- vahues ranging from
(kPa at the rear to 20kPa at the front Examination of the plots from cells in the top of

the pipe — Figure 6,12 — shows a peaky and more active response indicating sporadic
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contact between the pipe and soi1l. Although average values of shear and effective
stresses on the top are very similar to those at the bottom (Table 6 3), peaks are more
numerous and maximum values greater along the top. Maximum shear stresses at the
top range from 12kPa to B0kPa compared to a maximum value of 11kPa on the
bottom. The conclusion drawn from the two data sets is the pipe is mostly buoyant in
the pressurised lubricant. Shear stresses along the pipe top indicate a sustained period
of pipe-soil contact in the wet clay encountered between the shaft and chainage 22m.

The pattern of interface stresses along the left of the pipe (Figures 6 13) is
similar to that at the bottom where shear stresses are generally low, average 4kPa
Peak stresses, both effective and shear, occur at about chainage 15m. On the right of
the pipe, low shear stresses are also evident (Figure 6.14), average 5kPa, but the
effective stress response is much more peaky suggesting imtermittent pipe-so1l contact.
The 150mm deviation from line and subsequent steering correction at chainage 39m,
Figure 5.21, has not resulted in any noticeable contact between (he sides of the
mmstrumented pipe and ground

In conclusion, the main influences on Scheme 8 interface stresses are
lubmication and ground conditions. The wet clay encountered at the start of the drive
has had an effect of the ground ‘closmg onto” the pipeline - demonstrated by the peak
mterface stresses recorded around the mstrumented pipe as 1t passed through the
mitial 20m of tunnel bore Pore pressures and total stress readings are very similar and
both very erratic; effective radial stresses are small and shear stresses very small. The
pipehne is largely buovant in lubricant but with lubricant pressure varying rapidly,
perhaps partly as a function of injection procedures, and partly by a squeezing action
as the pipeline tries to straighten mn the misaligned bore.

6.2.4 Scheme9

Local mterface stresses in the very soft clay of Scheme 9 are shown 1n Figures
6 15 to 6.18 The instrumented pipe was inserted as pipe 19, about 48m behind the
slurry shield Pre-msertion testing of the instrumentation again saw the faiure of one
of the two Keller pore pressure transducers, the rear-top cell m this mstance. This type
of transducer was found to operate perfectly well in the laboratory during testing and

calibration, but not in the field. Unfortunately the dummy contact stress cell, for
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checking the tolerance of specially cast holes, was not made available to the special
pipe manufacturer, resulting in one cell (rear-left) bemng nstalled 1 a shghtly aver-
sized hole- the glue line failed soon afier pipe wsertion. The front-left cell produced a
faulty response and was later found to have a crushed Cambridge earth pressure cell -

damaged during the pre-scheme calibration.

Posrtion Rear Centre Front

G G T u o T u
(kPa) (kPa) {kPa) (kPa) (kPa) {kPa} (kPa) (kPa) (kPa)

peak | av [ peak | av [pesk | ov | penk | av [ peak | av Jpeak | av |poak | av | pesk | av | peak§ av

Bottom 45+ 17) 17 10| 228t toa| 421 1R] 21 3F 251 105 461 16| 20: 10; 249: 99

Left 571 18| 371 21 945 20| 171 307 36: 123 171% 78 - i - - - - -
Top - - 140 & - - 75 22 221 91149 79| 20| 18| 17| 5] 160; 87
Raght Seip 19| 241 7| 1821 96| 857 3] 377 7i18l; 9% 68| 13| 26! 1a6] 163! %4

Note values for rear-left location based on imtial 10m of the drrve

Table 6.4 Scheme 9 peak and average interface stresses.

Intertace stress behaviour appears to be uniform around the instrumented pipe
Table 6 4 contains peak and average stress vahies. As on Scheme 8, pore pressure and
total stress readings are very sumilar but in the soft clay of this schemc are less erratic.
Pore pressure measurements are much higher than calculated ground water pressures;
along the pipe top calculated pressures range from 37kPa to 42kPa, approximately
half the measured values of 79kPa, cenire, and 87kPa, front

Shear stresses around the pipe are relatively consistent and results suggest an
average value of 10kPa Effective stresses also exhibit some consistency with average
values of about 20kPa. The introduction of Jubricant (at about chainage 85m on the
plots) appears to have had little effect on shear stresses (with the exception of the pipe
left where there 1s a slight reduction) but changed pore pressure and total stress
behaviour In the stress plots for the top, bottom and right of the pipe (Figures 6 15,
6.16 and 6 17 respectively) stresses become more erratic after lubricant has been
introduced whereas pore pressures and radial stresses at the left of the pipe become

more consistent — Figure 6 18. It 1s likely that there has been a non-uniform
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distribution of lubricant around the pipe, similar to that noted in Scheme 7. The
overbreak annulus may have remained open before lubrication and filled with a
uniform layer of natural clay slurry. Pumping in a pressurised bentonite slurry of
lower shear strength resulted i the abrupt drop in jacking load, Figure 5.4, and

injection procedures may have caused local changes in interface stresses.

6.2.5 Stage 2 schemes

Pipes sliding along the base of a stable bore was apparent n the stiff glacial
clay of Scheme 1 and weathered mudstone of Scheme 2, with contact oceurring only
at the bottom of the mstrumented pipes In Scheme 1, the total radial stresses and
shear stresses were mostly between 0-250kPa and 0-150kPa respectively The
mstrumented pipe at Scheme 2 appeared also to be subject to longitudinal rotation
with the front of the pipe attracting significantly larger stresses than the rear, total
stresses approached 575kPa with corresponding shear stresses of 160kPa

In the heavily overconsohdated London clay of Scheme 3, very large lateral
stresses were suflicient to damage instrumentation and cause a high rate of glue line
failures around the contact stress cells Large radial stresses recorded at the sides prior
1o the cells being displaced, between 490kPa and 650kPa, imply that the pipe was
subject to squeezing ground.

Results from the drive in dense silty sand abhove the water table, Scheme 4,
showed contact mainly along the base of the tunnel, while on the sides and top
intermittent and lower stresses indicated only sporadic contact Peak total and shear
stresses, 300kPa and 160kPa respectively, occurred over short lengths and agreed well
with positions of maxumum angular musalignment. The injection of lubricant into the
overbreak void appeared not to have had a marked effect on the mierface stresses.

Scheme 5 was in cohesionless soil below the water tahle, and as noted for
Scheme 7, instruments generally recarded lubricating slurry pressure and very low
shear stresses. Peak total radial stresses of 300-350kPa were measured at the tunnel
axis but the average was about 50kPa Pore pressures were generally similar
suggesting the formation of a stabilised zone of lubricant gel around the pipe
preventing the sou from developing large effcctive contact stresses. Pipe buoyancy

was implied by larger siresses recorded ar the wop of the pipe than the boom
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6.3 GROUND RELATED FACTORS
©.3.1 Cohesionless soils

Monitored drives in cohesionless soils include Schemes 4, 5 and 7. Interface
behaviour is dlustrated by considering typical pushes and plots of shear siress agamst
normal stress during jacking for Schemes 4 and 7. Unlubricated interface stress
behaviour for Scheme S, Cheltenbam, has not been published

The response for the Scheme 4 drive i dense stlty sand above the water table
15 shown in [igures 6 19 to 6 21. Data included in these figures show the pre-
lubrication phase only, post-lubrication bchaviour 15 described in section 6 7.
Effective stress plots were produced only for the bottom of the pipe since the other
locations were fully dramed. The response is clearly frictional with a linear
relationship between shear and radial stresses. There 15 good agreement between skin
friction angles 5 of 33 4° and 34.3° at the crown and axis positions, These angles are
slightly lower than the 37.7° recorded at the bottom probably reflecting 2 loosened
state of collapsed material around the crown and axis (Norris 1992b) Effective
stresses on the bottom show considerably more scatter than the corresponding total
stresses which is most likely due to a difference in position between contact stress cell
and pore pressure cell, however, the best fit line produces a similar friction angle of
35 6°.
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Figure 6.19 Detailed response of pushes between chainage 44.97m and 45.56m
on Scheme 4 (after Norris, 1992b).
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Figure 6.20 Shear stress/total radial stress relationships during Scheme 4 prior
to lubrication (after Norris, 1992b).
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Figure 6.21 Shear stress/radial siress relationships on the pipe bottom during
Scheme 4 prior to lubrication (after Norris, 1992b).

Since lubricant was used from the start of the Scheme 7 drive, it 1s not possible
to scparatc interface behaviour into pre- and post-lubrication phases Typical Scheme
7 pushes are included in Figures 6 22 and 6 23; plots are purposely taken from
locations where there is some indication of contact between pipe and soil (or
sotl/bentonite cake)

The pore pressures, previously shown to be in close agreement with
hydrostatic pressures, are constant during the illustrated pushes and the increase in
total stresg is therefore wholly due to pipe-soil mteraction. The resulting stress paths
are lmear and frictional m character Figure 6.24 comprises plots showing shear
stress/effective radial stress relationships around the instrumented pipe: the plots do
not include data from the centre-right and rear-right cells because lubricant prevented
significant contact stresses from develaping. Skin friction angles & range from 20° to
43°, at stress levels over 100kPa there is excellent agreement between friction angles

8 of 36" or 37°
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In Schemes 4 and 7, the linear relationship between shear and radial stress
appeats to be stress level dependent at stresses mn excess of 100kPa. At higher stresses

there 15 good agreement between the two schemes, on the pipe bottom of Scheme 4,

&' is approximately 36°, and i Scheme 7 at axus level & 1s 37°

6.3.2 Cohesive soils

The inictional interface stress behaviour observed in Schemes 4 and 7 is
expected mn sandy soils; more surprisimgly, the relation between shear and total radial
stresses appears to be frictional in some cohesive soils Monitored drives in cohesive
soil include those of Schemes 1,2, 3, 6, 8and 9.

Some results from the London clay drive of Scheme 3 are shown mn Figures
625 and 6.26 The detailed response plots at pipe axis, Figure 6.25, indicate a
frictional relationship. Shear stress/radial stress plots from the axis instruments show a
reasonably linear relationship with & of about 13° and &’ of 11° At the top of the pipe
there 15 an indication that shear stresses approach a limiting value of about 150kPa;
the ntact undrained shear strength, 8,, of the London clay is in the range 225kPa to
600kPa Norris (1992b) reports the tunnel axis readings also showing indications of a
Imiting value around 150kPa.

Interlace stress plots from typical individunal pushes in Scheme 6 (also Londan
clay) are presented in Figures 6.27 and 6.28. Maximum stresses are lower than those

measured during Scheme 3, primarily due to a lesser depth of cover
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Figure 6.25 Detailed response of pushes between chainage 2.84m and 4.53m on
Scheme 3 (after Norris, 1992b).
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relationship during Scheme 3 (after

Norris, 1992b).

In Figure 6.27(a) radial and shear stresses initially increase almost linearly but
the radial stress falls off and there is a corresponding decrease in shear stress The
push illustrated in Figure 6.27(b) shows an abrupt increase followed by a general
decrease until the abserved risc close to the end of the push. The increase/decrease,
decrease/increase stress path loops appear to be common along the pipe bottom in
Scheme 6 observations. At locations, other than the pipe bottom, where pipe-soil
contact occurred, stress paths arc markedly more erratic, Figure 6.28. A general
feature of the plots (only a few of which can be presented) 1s that mterface stresses
vary rapudly over short distances, probably due to wregularities of the soil surface
within the hand-excavated tunnel bore.
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Shear stresses against radial stresses from many Scheme 6 pushes are shown in

Figures 6.29 to 6.32. In plots presenting pipe bottom observations {Figures 6 29 and

6 30) there is due to the large number of data pownts and rapidly varymg stresses,

consuderable scatter. Notwithstanding this, the nonlinear relationships (illustrated by

best-ft white lines) are evident in terms of both total and effective rachal stresses It 1s

notable that measurements from the front-boltom well appear to approach two lmiting

values of about 40kPa and 15kPa. Plots presenting total stress data at the pipe top,

Figure 6 31, confirm this relationship but for effective stresses, Figure 6.32, 1t iy less
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clear. In Scheme 3, nonlinearity was observed, but only in the pipe top - Figure 6.26.
The idealized shear stress/radial stress relationship based on these observations is
illustrated m Figure 6 33, showing the marked curvature before merging to limiting
values. This type of nonlinear relationship is characteristic of Mohr failure envelopes
of London clay (Bishop et al. 1965) and contrasts the apparent frictional behaviour

largely observed in Scheme 3

Shear strass kPa
a
Shear stress kPa

200 250 300 5D s} 50 100 150 200 250 3w
Tetal radial stress kPa Totel radial stress kKPa

Figure 6.29 Shear stress/total radial stress relationship at pipe bottom during
Scheme 6.
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Figure 6.30 Shear stress/effective radial stress relationship at pipe bottom

during Scheme 6.
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Scheme 6.
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Momtored pipe jacks i stiff glacial clay imclude Schemes 1 and 8. For Scheme
I shding in an open bore (unlubricated) was apparent with contact occurring primarily
along the bottom of the pipe Frictional behaviour was observed — Figure 6 34 — for
most of the drive but more cohesive behaviour was found towards the end. Most
interface stress measurements 1n Scheme 8 were affected by lubricam fillmg the
tunnel bore Figure 6.35 includes detailed responses from around the Scheme 8 pipe
Measurements along the bottom of the pipe indicate pipe-lubricant contact, at the pipc
top and at axis level, data are purposely taken from sections where pipc-soil contact
appears to have occurred and stresses vary rapudly as increase/decrease stress path
leops develop.

Shear stress/radial stress scatter plots for Scheme 8 are shown in Figures 6 36
and 6.37 for total and effective stresses respectively At the bottom and left of the
pipe the use of lubricant has resulted in very low skin friction angles & of 0.9 and
07°, and & of 0.2° and 09° respectively. Plots of the top and right stresses show
considerable scatter due to sporadic contact with the ground Regression analyses on
these scattered data give & of 2 1° (top) and 3.5° (right) and &' of 11° (top) and 13.3°
(nght) These angles, due to lubrication, are much lower than those recorded in
Scheme 1, where & 15 19° and &' is 20.3% Figure 6.34

Delailed interface stress plots from Scheme 9, in soft peaty clay, are presented
in T'1igure 6.38. As noted earlier i the chapter, lubricant was introduced part way into
the drive and the plots, representing typical pushes at various locations, show stresses
pre- and post-lubricaiion. With the exception of the pipe left, pore pressure
measurements are similar to total stresses and resulting effective stresses and
corresponding shear stresses are very low Shear stress/radial stress plots, Figures 6 39
and 6 40, show little pattern in the relationship, scatter is substantial around apparent
clusters of data points Interface stresses are erratic and there 1s msufficient evidence
to show clearly cohesive or frictional type behaviour in the soft clay Section 6 6 4

includes more detailed scatter plots with the emphasis on lubncant effects
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TAS (b}

Figure 6.34 Shear stress/radial stress relationship during Scheme 1 (after Norris

1992b)
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Figure 6.35 Detailed interface stress responses during Scheme 8.
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6.4 EFFECTS OF STOPPAGES
6.4.1 Introduction

The delays between pushes (due to excavating, mtroducing new pipes, shift
changeovers, evenmg and weekend breaks etc.) have been shown to routinely result in
ncreased restart jacking forces in clay soils, section 5.3.3. This scction will show how
radial stresses and pore pressures (where data exist) can vary during stoppages to
offer explanations for the ‘stoppage effect’. Three types of clay are considered
London clay of Schemes 3 and 6, stff glacial clay of Schemes 1 and 8; and the soft

peaty clay in Scheme 9

6.4.2 London clay

Total radial stresses at the start and end of stoppages during Scheme 3 are
presented m Figure 6 41. The plot shows stresses decreasmg during rest periods. Tt 1s
not clear if this 1s a result of dissipating pore pressures as there were no reliable pore

pressure data on thus particular scheme (Norris 1992b).
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Figure 6.41 Time dependent changes in total radial stresses during stoppages on
Scheme 3 {after Norris 1992b).

Total radial stresses, pore pressures and resulting effective stresses acting on
the pipe bottom in Scheme 6 are presented in Figure 6 42 — data are taken from an
entire Friday shift and the start of a Monday morning shift following the weekend
stoppage.

As m Scheme 3, total radial stresses decrease with time during the stoppages.
Figure 6 43 shows in detail the decrease for the eight stoppages together with jacking
loads for the same period. Delays during the Friday shift (stoppages 1 to 7) range

from 40 minutes to 100 mmutes in duration — /» time 3.7 t0 4.6 in Figure 6.43(b) —
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with a corresponding decrease in total stresses lying between 13% and 90% The
weekend break (stoppage 8 in Figure 6.43) resulted in stress reductions of 128% and
127% at the front and centre respectively. The restart jackuny load following this long
delay — a 67% increase ~ is unsurprisingly the largest recorded aver the period of
interest. The difference mn magnitude between total strcsses recorded at the two
locations in the pipe is also notable. They generally differ by about S0kPa and only
during stoppage 7 are the values simlar This suggests that the pipe’s self-weight 15
unevenly distributed during most breaks, probably due to irregularities in the bore
mvert.

The pattern of pore pressure measurements durmg stoppages shown n Figure
6 42 is complex and difficult to interpret. Generally, upon cessation of shearing, there
are negative pore pressures and as water flows through the boundary surface layer
into the shear zone, porc pressures dissipate This pattern occurs during stoppage 2 as
shown 1 Figure 6.44, where a pore pressure of -39kPa was observed after an elapsed
time of 60 min Just prior to pushing, after an elapsed time of 100 mm, a partial
dissipation of 2kPa was measured. During the weekend break of stoppage 8, pore
pressures dissipated fully but unfortunately logging could not continue over the
weekend and therefore the rate of dissipation was missed Effective radial stresses are
also complex because of the pore pressure measurements, but the pattern is typically
one of rapidly increasing stresses at the start of a break and then a decrease as
negative pore pressures dissipate. The field data suggest stress and pore pressure
characteristics as llustrated in Figure 6.45.

The soil through which the instrumented pipe, at pipe 11, was pushed along
had been subject to numerous shearing/stoppage cycles and the resulling shear zone
will have suffered some degree of structural deterioration, mcluding the breaking of
mterparticle bonds, giving the clay fabric an opportunity to dilate and soften
Decreasing total radial stresses and corresponding decreases in pore pressures during
the stoppages are consistent with the soil dilating. Shear strams and associated
pressures in the stiff London clay can be very localised and pressure gradients
between intact arcas and the shear zone may account for the complex paltern of pore
pressures observed The mncreased jacking loads in London clay following stoppages

may therefore be due to a combmation of dilation and ncgative cxccess pore pressures.
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6.4.3 Stiff glacial clay

Total and cliective radial siresses at the start and end of stoppages dunng
Scheme 1 are presented in Figure 6.46. Total radial stresses decrease but effective
stresses ncrease Norris (1992b) suggested that shearing had gencrated cxecss pore
pressures which then dissipated during the stoppages more rapidly than the decreasc

in total stress resulting in increased effective stresses and larger jacking loads.

FINAL SIGMA HiPa)
8
.

INTWAL S{3MA kPa)

a) total radial stresses
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300 /
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b !l >
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IMTIAL SIGMA (kPa)
b) effective radial stresses

Figure 6.46 Time dependent changes in radial stresses during stoppages om
Scheme I (after Norris 1992b).

During Scheme 8, only after weekend stoppages were significant increases mn
restart jacking loads observed — section 5.3.3.2. Radial stress and pore pressure
measurements firom before and after a weekend stoppage, together with corresponding
Jacking loads, are presented in Figure 6.47. Data are taken from the array of stress
cells around the pipe rear Pushmg ceased at 15:10 hrs on the Friday afternoon and
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recommenced at 07°23 hrs on Monday. The siress and pore pressure measurements
presented suggest a redistribution of lubricant pressure and loss of buoyancy. This
could be due to some slurry leaching into any sand Iayers present in the glacial till.

At the left of the pipe total stress and pore pressure measurements are equal
and both decrcase by 30ki’a over the weekend. A similar situation exists at the pipe
top but at this location the measurements show an increase of 14kPa. Effective siress
observations along the right indicate contact between pipe and soil, as opposed to
pipe/lubricant gel contact. During the stoppage fotal stress increased by 30kPa, pore
pressure increased by 57kPa with a resulung fall in effective stress of 27kPa. At the
pipe bottom, total stresses and pore pressures reduced by 25kPa and 35kPa
respectively, resulting in an increase of 10kPa in effective stress and lass of
buoyancy The merease in frictional resistance along the pipe bottom would account
for the large restart forces observed on Monday mormings Recharging the pressurised
lubricant before attempting to recommence pushing would probably have resulted n
restart Jacking loads substantially lower than the measured values

It has not been possible to study the geotechnical aspects of stoppages mn the
stiff glacial clay of Scheme 8 because the instrumented pipe was so placed that

nterface siresses were largely influenced by Tubricant and lubrication procedures.

6.4.4 Soft peaty clay

Changes in radial stresses around the centre of the pipe due to stoppages in the
soft clay of Scheme 9 are presented m Figure 6 48. There is no clear pattern to the
change in stresses during rest periods either pre- or post-lubrication, data points He
either side of the parity line and scatter in the effective stress plots is considerable
The change in stresses does not appear to result in increased jacking loads; with the
exception of a weekend stoppage, the jacking record (Figure 5.4) does not show
increased restart forces. Radial stresses and pore pressures measured around the pipe
centre before and afer the weekend are presented in Figure 6 49 (measurements afier
the break were recorded prior to lubricant introduction) Only at the top and left of the
pipe do stresses and pore pressures change sigmificantly dunng the break; iotal
stresses decrease by 10kPa and 16kPa at the top and left respectively. Reductions in
pore pressures, 27ka (top) and 36kDPa (left), are greater than the drop m total stresses,
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resulung in equal effective stress increases of 17kPa. Dissipation of shearing-induced
excess pore pressures would probably show as reduced pressures all around the pipe
since nterface stress measurements dunng jackmg are generally uniform (section
6.2.4) It 1s reasonable to assume therefore that these local pore pressure reductions
are unlikely to be caused by the dissipation of shearing-induced excess pressures. The
probable cause of decreasmg pore pressures and corresponding increasmng effective
stresses is localised ground deformation The reason for the observed response in
radial stresses and pore pressures during the assumed deformation is not apparent.
The mechanism of decreasing total siesses, pare pressure and comesponding
increasing effective stresses is unlike that observed in London clay, where stresses
and pore pressures change the instant pushing stops. In the soft clay of Scheme 9 the
rate of change is much slower — there is no discernible change in stresses and pore
pressures at the end of logging after the final push Figure 6.50 illustrates the

supposcd stress and pore pressure characteristics at the pipe top and left durmg the

weekend stoppage.
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Figure 6.50 Localised radial stress and pore pressure characteristics during a
long stoppage in soft clay.

6.5 MISALIGNMENT EFFECTS

Tunnel excavation in pipe jacking inevitably deviates from the intended line
and level. This typically results m the type of curvatures demonstrated by the
alignment data of Figures 5 15 to 5.22 Previous authors (Haslem 1986, O’Reilly and
Rogers 1987, Haslem 1996) assumed that increased contact stresses would be
generated on the outside of such horizontal curves as tltustrated in Figure 6.51. Field
measurements from the Stage 2 research however, have shown the converse to he true
i that ground reactions actually occur on the mside of horizontal curves.
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Jacking direction

Sliding resistance

Figure 6.51 Haslem’s flexible pipeline model (after Haslem 1996).

For Schemes 8 and 9 in Stage 3 research, deviations from the proposed line,
though considerable m places, have not resulted m large angular misalignments.
Companson of ahgnment data and interface stress plots, Figures 6 52 and 6 53, are
difficult to mterpret m terms of misalignment but appear to show httle clear evidence
of increased contact stresses at points of maximum curvature. As discussed earlier m
the chapter, pressurised lubricant greatly influenced interface stresses through most of
Scheme 8 and the later section of Scheme 9 and lubricant may also have averted
increased coniact stresses due to misalignment

On Scheme 6 steering corrections occurred only in the horizontal plane, Figure
5 19. Excellent agreement between the position of maximum total stress, measured on
the side of the pipehme, and the large horizontal deviation at chainage 20m is
tllustrated m Figure 6 54 Increased contact stresses on the left show the ground
reaction on the inside of the curve, Along the right of the pipe (outside of the curve)
there is no contact between ground and pipe as it passes through the deviation At the
curve’s apex it is also notable that the maximum increase m stress occurs at the
centre. At the front the mncrease is Iess than half that at the centre and there 15 no
mcrease at the rear. This confirms that complex ground reaction distributions occur as
pipes travel around curves. Figure 6.35 shows a plot of total radial stress at the pipe
centre against angular deviation. As the cenwre of the pipe approaches the apex,
mncreasing angular deviation gives rise to a larger ground reaction When the pipe
leaves the curve apex, angular dewviation remains large but the ground reaction

diminishes
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The “‘Oxford” ground reaction model, based on field observations from Stages
2 and 3, Figure 6 56, assumes the pipeline acts as a prestressed segmental beam
spanning between vertical and horizontal apices Milligan and Nomms (1998) have
developed a simplified model, based on this theory, for forces acting on a half-wave
length of pipeline — illustrated m Figure 6.57 and derived in Appendix D 7, and P,

are the axial jacking forces and it can be shown that

(i + Daans) WP tand
=5 +
({-Dtans) (- D.tand) &1

N;| N,
2 LE
B B B R Witans
! ]
.
" e
) 2 2
Jacking direction
—_—

Figure 6.57 Theoretical half-wave model for pipe-soil interaction (after Milligan
and Norris 1998).

Jackimg loads from Scheme 1 have been compared to calculated values using
this model. Calculated jacking loads at 17.5m and 35m are 235kN and 355kN
respectively, compared with 227kN and 333kIN for a perfectly straight pipelme and
measured values of 246kN and 372kIN Agreement between calculated and measured

values 15 reasonable but closer agreement could be achieved by refining the
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distribution of reaction force ¥ utihsing Stage 3 observations In Scheme 6 (London
clay) there is at the start of the drive an almost perfect wave of about 18m in the
horizontal alignment — jacking record and alignment survey are shown i Figure 3 19,
The face load was zero, the nterface friction angle 13°, the pipe mternal diameter
1.5m, and the pipe weight 23.9kN/m. Jacking loads at 9m and 18m are calculated as
51kN and 107kN respectively compared with S0KN and 99kN from the self-weight
model for a perfectly straight pipeline Stoppage effects in the London clay, and a
logging failure, prevent a direct comparison with measured jacking loads at 9m and
18m and therefore the average frictional resistance of 12 7kN/m and the lower bound
of 6,7kN/m will be used As a result measured average values are 114kN and 229kN;
lower bound values are 60kN and 120kN The ‘half-wave’ model values are far less
than the average measured values but are comparable to the lower bound The model
appears to greatly underestimate jacking loads m London clay where the mnfluence of

stoppage effects will tar outweigh that of any acceptable misahgnment effects

6.6 LUBRICATION EFFECTS
6.6.1 Introduction

Lubricant in the form of bentonite slurry was used on several of the monitored
schemes from the start of the drives of Schemes S and 7; during the later stages of
Schemes 4 and 9, and from early in the drive of Scheme 8. The purpose of this section
1S to gain a better understanding of how the bentonite-based lubricants functioned n
the different ground conditions of Schemes 7. 8 and 9. Interface stress data presented
are predominantly from Scheme 7, where the lubrication operation ceased for a
significant time, and Scheme 9, where lubricant was introduced part way mto the
drive. Although lubricant was also introduced part way into the Scheme 8 drive, the
mstrumented pipe - inserted at pipe 74, about 180m behind the shield - was not in
place and a contrast m interface stress behaviour, pre- and post-lubrication, cannot
therefore be drawn The effect of pumping and injecting Jubricant on pore pressures
around the mstrumented pipe of the three schemes is discussed together with the

effect on shear and effective radial stresses.
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6.6.2 Scheme 7

The non-uniform arrangement of mjection sockets in Scheme 7, deseribed
earlter 1n section 5 3.1.2, resulted in a lubricant zone more effective along the right of
the mstrumented pipe than along the left. The change in pore pressures when pumping
the lubricant, typically resulting in increases of about 30kPa above hydrostauc
pressure, were found to be influenced by the location of injection sockets Figure 6 58
tllustrates the localised change in pore pressures during a single push when the
lubrication system was also operating. The push started yust before 15:30hrs on the
horizontal axes and continued until 15:38:40hrs. There was little change in pore
pressures until pumping lubricant commenced at about 15.32hrs. At the bottom and
right of the pipe pressures began to increase soon after pumping started and continued
steadily up to about 80kPa — a pattern also scen at front-left location At the centre-
left, rear-left and top of the pipe, pressures increased to a steady-state very quickly
followng significant time lags — the length of time lag mcreased from tront to rear of
the pipe and around the lefi to the top. These data suggest a pressure wave effect, due
to fresh slurry from the shield, locally moving easily along the bottom and right of the

pipeline where there was probably an ‘open’ overbreak, albeit full of lubricant

gel/bentonite filter cake.
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Figure 6.58 Variation in pore pressures during lubricant pumping on Scheme 7;
push 61.97m to 63.42m.
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Around the front-left to rear-top of the pipe the pressure wave had a difficult
path where the overbreak had probably ‘closed” and the pipe was i coniact with the
soil Figure 6.59 shows interface stress and pore pressure data points from the left-rear
cell for the same push When pumping commenced the interface stresses decrcased,
somewhat erratically, until the increase at 15 35:30hrs - possibly due to lubricant
pressure on the right pushing the pipe against the ground on the left As pore pressures
began to increase rapidly at 15:36:30hrs, stresses fall dramatically to zero. As the pore
pressure reached a steady state of 65kPa, probably indicating the formation of an
effective lubricant zone, there was clearly no contact between pipe and soil for the
remainder of the push. Interface stresses from all contact stress cells for the same push
are tlustrated in Figure 6 60. Pore pressures have been omitted from the two columns
of plots (shear stress on the left and effective radial stress on the night) for clanty
Along the hottom and right of the pipe mterface stresses were very low or zero
throughout the duration of the push - indicating shding through an effective lubricant
zone of bentonite starry/gel. Plots representing stresses along the left and top of the
pipe plamly tllustrate pipe-soil contact, with magnitude mcreasing from the front to
the rear of the pipe. Of particular interest are data from the left of the pipe where
reductions in interface stresses, markedly abrupt ar the centre and rear, correspond
exactly to the mcrease in pore pressure at the same location. By the end of the push

there was little contact between soil and the mstrumented pipe.

180 . e o =
Left-rear pumping
1‘0 [, . : - - B . -
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120 | i,
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> 100 +
€ w0
]
@ B0
0.
40 |
20
Q - \
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Figure 6.59 Variation in left-rear interface stresses during lubricant pumping on
Scheme 7; push 61.97m to 63.42m.
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It was noted in chapter 5 that failure of the lubricating system during this
scheme resulted 1 a significant mcrease m frictional resistance, Figure 5.2. The
interface stress records however, Figures 6.5 to 6 8, show little mdication of any
change in behaviour due to cessation of lubricating. The compressed narure of the
many data comprising the overall stress records make w difficult 1o determine any
change 1n pattern, so data pomts of individual pushes from before, during and after the
cessation have been exarmned. Figure 6 61 mncludes representative samples of the
pushes, 1 this instance taking the form of shear stress/radial stress relationships from
around the centre of the instrumented pipe. The plots are split into three phases
(separated mto columns): (a) day 4 of the drive during which lubricant was pumped;
(b) day 5 where no pumping took place, and (c) day 7 when the lubrication system
came back into operation The linear relationship evident m the plots for the pipe left
is a typical pattern found along that side of the pipe. During phase (a) the friction
angle, &', is 40°; surprisingly, lubricant cessation, phase (b), results in a reduction in
the [riction angle of 2° It 1s not clear whether this reduction is due to local vanations
mn soil properties and/or a function of the lubricant gel becoming more effective
followmng a period of pushing with no fresh slurry. Tn phase (¢) (lubricant
recommencement) the shear stress/radial stress relationship displays some non-
linearrty. Notwithstanding this apparent change in behaviour, a linear regression
analysis results 1 a friction angle of 42°, an increase of 2° from that in phase (a). At
the pipe top, where due to buoyancy, some contact with the tunnel crown 15 expected,
the shear/radial stress relationship in all three phases is linear. The variation in friction
angles seen m the plots of the pipe left is also found at the top with a 3° reduction
between phases (a) and (b) and a 5° increase from (b) to (¢} Buoyancy also results in
the response shown m the plots for the pipe bottom, notably very low interface
stresses indicating slidmg along a low shear zone of bentomite lubricant. There 1s
however, an emerging pattern of mcreasing shear stress from phases (a) to (¢)
suggesting the lubricant becoming less effective Plots presenting data from the
centre-right contact stress cell show {otal radial stress because the pore pressure
transducer failed to respond correctly (noted 1 section 6.2.2) but pore pressures
recorded at axis level on the left of the pipe are generally constant at about 40kPa
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(Figure 6.7) Therefore a shift of 40kPa along the horizontal axes would reasonably
represent effective radial stresses The pattern of stresses along the right 1s: no pipe-
soil contact during phase (a), mereusing shear stresses through phases (b) to (¢) The
non-linear relationship of data points m phases (b) and (c) may represent contact
between pipe and a depleted lubricant gel contaminated with so1l grains

During phase (b) when no lubricant was pumped, the tunnel was advanced by
tharteen pipes, equivalent to approxmmately 33m length of new tunnel bore Interface
stress measurements suggest that soil in the new bore did not fully collapse onto the
front of the pipe string (the instrumented pipe, inserted at pipe 2, was about 8m from
the face) and that there was probably some adhering of lubricant gel to pipes entering
the new bore It 1s not apparent whether soil in the oldest part of the bore, nearest the
thrust shafi, collapsed onto new pipes mserted during the two days of cessation of
lubrication. When the lubrication system came back into operation, any closure or
callapse of the tunnel bore could not be ‘recovered’, resulting n no reduction in
previously established frictional resistance and a type TT line in Figure 5.13. The fresh
slurry was probably only effective in recharging lubricant in sections of the overbreak
remaming open. The mcrease in pore pressures around the instrumented pipe while
pumping lubnicant during phase (a} has been demonstrated above. Pore pressure and
total siress data from phase {(¢) show that pumping lubricant had no effect around the
instrumented pipe; pore pressures remained constant, Figure 6.62. This suggests that
sotl had probably collapsed onto the front of the pipe string blocking any path for the

fresh sharry.
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Figure 6.62  Variation in pore pressures during Scheme 7 following
recommencement of lubricating: day 7.
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6.6.3 Scheme 8

In Scheme 8, an efficient lubrication operation using injection sockets at three
locations mn lubricant jacking pipes (Figure 5 3) spaced uniformly throughout the pipe
siring had the effect of keeping interface stresses around the instrumented pipe
generally low throughout the drive, Figures 6.11 to 6.14 Shear stresses particularly,
with the exception of marked peaks recorded at the pipe top, showed a very low
average of 4kPa

Many detailed interface stress data have been examined for periods m the
drive when lubricant was bemng pumped — some typical results are illustrated n
Figures 6.63 and 6.64 The data show that pumping lubricant had no mfluence on pore
pressures and total stresses around the instrumented pipe (positioned about 180m
behind the shield) This suggests that fresh slurry probably charged only sections of
the overbreak in the new bore — around the shield and front of the pipe string. In the
staff glacial clay, the lubricant slurry appears to completely fill the overbreak resuliing
in a type I line in Figure 5.13
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Figure 6.63 Variation in pore pressures during pnmping lubricant in Scheme 8:
front.
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6.6.4 Scheme 9

Bentonite lubncant was introduced in the Scheme 9 drive following a weekend
stoppage — at about 130m on the jacking record, Figure 5.4, and about chamnage 85m
on the horizontal axes of Figures 6.15 to 6 18. Due to noise restrictions in the
residential area at the thrust shaft location, pumping lubricant was resiricted 1o day
shifis only, typically bemng pumped at the start and end of each shuft It has been
previously noted that the instrumented pipe was inserted at pipe 19; the closest
lubricant injection sockets were at axis level in pipes 18 and 17 on the right and left
respectively. Introduction of the lubricant changed the interface stress behaviour,
particularly pore pressures and total radial stresses.

Almost immediately after Iubrication began, shear and effective radial stresses
along the pipe bottom fell sharply and became more uniform, Figure 6 15. The
reduction and uniformity ol stresses was brief and after about chainage 120m, shear
and effective radial stresses resume a pre-lubrication pattern and pore pressures
became erratic and noticcably larger {(resulung i cotresponding increases m total
radial siresses) The change i behaviour in post-lubrication pore pressures was
evident all around the pipe but with different magnitudes. Along the pipe top for
mstance, post-lubrication pore pressures differed little m magnitude to those pre-
lubrication, but they ure much more erratic — Figure 6 16. Shear and effective radial
stresses show an increase in magnitude indicating pipe buoyancy in the lubricant with
a resulting incrcasc in prpe-soil contact. Marked peaks in the effectrve stress plots
correspond to the initial pushes of the first mght shift after the lubricant was
introduced Along the right of the pipe the most noticeable changes in behaviour due
to lubrication were in the effective radial stresses, Figure 6.17; after chainage 85m,
average swresses fell bur at the centre and front they were markedly peakier At the
pipe-left, Figure 6.18, there was a marked reduction in shear and effective radial
stresses after lubricating — pore pressures and total radial stresses became a little less
erratic Table 6.5 includes average interface stress values from around the pipe centre
for three distinct phases apparent m the interface stress records (a) pre-lubrication;
(b) soon after the lubricant was introduced, and (¢) when the lubricant was well
established.
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Position
Left To Rught Bottom
{Centre) Y gh
gluf|le|rtTio|uv)s | 1Tia|luled]|lr|la]ule]|r

(kPw)| (kPai{kPa)l(kPa)i(kPa)l(kPayl{kPa)|(kPa)l (kPa)| (kPay|(kPa)| (kPa)| (kPa)| (kPa) | (kPa)l(kPPa)
Phase {a) . _ _
CHossmy | 97| 72] 35| 11} saf ;) 21l 11) 06| 88 1B 7| 15| 93| 2| 10
fg}s‘gﬁ%&m 99| 67| 32{ 6| 99| 9| 32| 18f 09| w5 5| s| us| w0s| 8| s
Phase (<) 4 :
(CH 120-170m) 113 24| 19 5y 114] 93] 21{ 137 122} 115 B Bl 141 1257 15| 13

Table 6.5 Variation in average interface stresses (kPa) at the pipe centre during
three phases in Scheme 9.

Values comprising Table 6.5 show increases in pore pressures (and a
corresponding increases in total radial stresses) around the pipe between phase (a) and
phase (c) ranging from 20kPa (top) to 32kPa (bottorm). It is not yet fully understood
why the bentonite-based lubricant caused these pressure increases The change in
average shear and effective radial stresses through the three phases is illustrated
graphically in Figure 6.65 Along the nght and botiom the variation m stresses 1s
simular; phase (b) shows a relatively large decrease but phase (c) sees a recovery and
average shear stresses become greater than pre-lubrication values The reverse is true
of the pattern at the pipe top where stresses rise during phase (b) but then fall back
almost to pre-lubrication values in phase (c). The most beneficial effect of lubricating
occurs along the pipe left: average stresses decrcase during phase (b) and fall further
to the values recorded during phase (c). The changes at the top and bottom may be a
result of a greater buoyancy force during phase (b)
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Stresses from several pushes have been extracted from the compressed data of
the overall interface stress records and are presented in Figure 6 66. The plots are
presented in three columns each representing one of the phases (a), (b) and (c) Along
the left of the pipe, there was a small increase in effective radial stresses between
phases () and (b) but during phase (c) they fell dramatically to around 10kPa. Shear
stresses remained relatively constant throughout the three phases but were slightly
lower, at about 10kPa, in the lubricated sections Along the top of the pipe the
introduction of lubricant, phase (b), resulled in an increase in shear and radial stresses
that later, in phase (c), fell back to pre-lubrication values The most notable effect of
mtroducing lubricant occurred along the right of the pipe, where shear and radial
stresses decreased to about zero In phase (¢) shear stresses increased and radial
stresses became more erratic. Along the bottom of the pipe shear stresses remained
relatively constant through all three phases; radial stresscs remained low but fell by
about 10kPa 1 the post-lubricant phases.

The effects of lubricant on shear stress/effective radial stress relationships are
illustrated in Figure 6.67 Data in this figure again represent the same three phases
described above. Before lubrication m phase (a), there was a similar pattern at the top,
right and bottom of the pipe where shear stresses reached hmiting values of 6kPa,
12kPa and 11kPa respectively. Values of undraned shear strength, s, at tunnel depth
were typically 6kPa. Along the pipe left, data are very scattered but the effective
radial stresses were greater than those at the other locations Upon the introduction of
lubricant, phase (b), stresses at the top and right became more erratic. Along the
bottom of the pipe the shear/radial stress relationship was similar to that before
lubrication but with a lower limiting shear stress of about 6kPa During phase (c)
stresses at the bottom of the pipe became more erratic, along the top and right of the
pipe stresses became less erratic and moved closer to pre-lubricant limiting shear
stresses. Along the lefi of the pipe during this final phase, the range of effective
stresses became comparable to the other locations and the shear stress/effective stress

relationship trend was toward a hmiting shear stress of about SkPa.

6 66



" )
- camra-letl -
affacin sl atrpe H

sl — oo s -

m —————————— - R . . ._.|

P PN N N |
/ TN hY
m T ¥ A o S
i —r
7 ® |
vl -
T4 an L1k 51 s -] a5

ol
alycon bl vrwer contre-top |
& —— - Frmm waae oo
i #ies
wl- [
B N e e
4,:____%}',.::.‘!-.-___ By
-
©}
gl .. e
725 BJ B &1 84 a2 225
I irurret ctmnage m
M
!-- ceire nghl
 afMocosm redal travt
®|f— P |
AW Ere H
] e -
N :
s
m----ﬁfﬁ.ﬂx_{{“\_"i’:_ S
; ¢ :
; H
<, S e ——{a) ;
e <L h . !
M5 ] ;MhE 3] LAE] a2 )

el chenage m

| affecke tikal s

| chaw rmz

e,

o
56 0 A s 2] L) L= ATy

(a)

- contreeit
ot el e
I i
g«-“------f-\_ T W TN
o i, {
= f B
s e ] e T @)
B w1 MBS B @I &)
stk ChEmege o
r ———
° centre-top r
Bieciva i stens [
S iintat el I :
i I
P} LT €\ ﬁ\ ------ [
; W
] ENE r‘____ Y R
"W\\J;?N.r\/ i &
% ws w ms W ®s

a - ————— o
I
: {n
i i1} T
&7 L] B st -] 565 ]
ey u'u‘ﬂl‘@ m
]
- ;
! cens-bothom
B0l  eeee emmeiaca-
g stk shruza |
3
£
[

chapter s1x

mipe-2o1l migrasiion

a
et rakal shiv ik centra. e
eoll— | .
T e
Wb meme e L -
- e s
e
RE - (0
1305 140 il h 81 1415 42
Instrurman rnege. M
a0
- i condrefop
Mﬂ.ﬂiu‘ﬂ
ol — [ — o
ahasr ke
] S .
A/ =
= T
Wl s e T
PN ]
* ick

pentra-nght

cantre-botiom
ulfncive riiat sivery
ol .
shem srezy
VA --
A
Mp--- oo ; o
A N
o ;%H_f,_.__(c) 4
b
305 (Ll 1428 1 18 142

Figure 6.66 Variation in shear and effective radial stresses during three phases
of Scheme 9: (a) pre-lubrication. (b} soon after lubricating and (c) lubrication

operation well established.

6.67



5 8 =
1

Bhear strese kFa
P

1o Y
-
5
. @
o n
o S0 [+ ] 153
Effectre radial sirass kKPa
30
IIY?IIHW
%
L3
% 2
g‘.s
k-
3_1.3
#} L[ -
5 - - @
3 T
] 5 w1 X ® m sk 4
Effectre rzdia siress. kFa
E:lal
St
26
m
& 2
EIS
[:]
RIS
=
UJE‘ e
fa}
a
o H w1 X ®m o o oam
Effainve mdal sirass «Fa
ockcitom
£
=g
%
g
Ew '._*"“
w I-
5
-r @)
]
[ [ m & " M 3® M

)]
contaien
]
é -
I )
15 = -
L] - -
é .i_-\,:.‘ " .
5 - -
e " 0
f F i
4 o 00 150
EMfachve i stress ke
0 e
Tertdop
26
£
2
Zas
o
Em' L
& ptipindrae v
58 " . et
- - .- - [id]
[ e !
o 5 @ 15 W 25 W B/ 40
Effecitve radkad stress kPa
a
“rork-ght
5
n
&
_gm - .
2 '5‘-- .
1
Lo
g1 % s
&}
b
o 5 I 15 20 B N H 4
Effective rarkel stress MPa
0 . N
s torbbllom: i
)I
€ 5 i pgebie-2
3 pLE
215 -~ e e
F:l '] = 3 H w
plm
& i et e e e et _
51 = i
) 1
a
0 & b 18 20 % 3 3B 4
oo Efastie raciat siress kPs

chapter s1x

pape-soil mteraction

Effectrve radial stess KPa

30 “_....u -
] 4
g E
i -
20 - Wi
§ a. -&h“—'-‘ 1l
L i
" _// U i
- - i)
& h[v )] 151

5 5 8

Shea- skress kKPa
oo
[=] <

o

g e L

te
a
-4 -3 10 bt x 5 ) i 43
Effective radies steas kKPa
T — -
Fromt-rgmt
F-.]
&
= 2
gw
o
w - -
5 ® -
ic)
a
B 5 ‘0 45 2% 33 3/ 40
Effectra radia stees kFa
=
Tront-budcan
=
g
o] - - -
_‘g « W AeE -l
15 =
:_ -;-"‘3-‘.,"'
% 1w - =
= - - L]
W - _,_‘.."-
iy
o
0 5 2 15 M o/ I/ W A

Effectrve Tadial stress i3

©

Figure 6.67 Variation in shear stress/effective radial stress relationship during
three phases of Scheme 9; (a) pre-lubrication, (b) scon after lubricating and {(c)
lubrication operation well established.

6.68



chaprer six

pipe-sm? iteraction

The effect of pumping lubricant on pore pressures during phase (b} is
illustrated m Figure 6.68 The data are purposely taken from a period where the pipe
string was stationary so as not to corrupt the effect with a push event, site records
show lubricant pumping commencing at 17 11hrs and finsshing at 17:22hrs. The
effect on pore pressures along the pipe bottom was an almost immediate increase of
about 5kPa. Therc was no variation n pressure at other locations around the pipe until
completion of pumping where the response 1s most noticeable along the right The
variation and magnitude of pore pressure response around the pipe is not fully
understood, but it is assumed that measurements at the right of the pipe are probably
influenced by an injection socket on the right of the pipe 18 (immediately in front of
the instrumented pipe)

In summary, pre-lubricant interface stresses are generally uniform around the
right, top and bottom of the instrumented pipe, effective stresses at the left are natably
greater The introduction of lubricant in phase (b) has resulted in temporary localised
effects around the pipe including a reduction in shear and effective radial stresses at
the bottom and right, and increased, erratic stresses at the top. These effects can
probably be attributed to the position on the right of the nearest lubricant socket and
pipe uphft due to the pressurised slurry respectively. The stresses along the Ieft after
lubricating fell and did not increase during phase (c). Assuming these highly localised
contact stresses are representative of all pipes within the string, then the summation of
local reductions in shear and effective radial stresses results in the change mn frictional
resistance of the jacking record, Figure 5 4, from 25kN/m, pre-tubrication, to 14kN/m.

post-tubrication.
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6.7 CONCLUSIONS
6.7.1 Introduction

This chapter contains much detail on pipe-soil interaction and many data from
the schemes monitored have been presented The main observations and mechanisms

described in the chapter have been cxtracted and are discussed below

6.7.2 Interface stress records

Interface stress records were presented for the Stage 3 schemes The data
presented in these compressed plots were not adjusted for zero drift or instrument
malfinction As a result some effective radial stresses were often just below zero
which must be erroneous. More significant negative peaks, in the range -10 to —
30kPa, particularly for Scheme 8, are not fully understood but are thought to be
influenced by spikes in pore pressures due to lubricant injection

At Scheme 6 m London clay, the interface stress records showed that contact
between instrumented pipe and ground generally only occurred along the tunnel
invert, mdicating a condition of pipes shding along the base of an open bore The only
other pipe-soil contact occurred at severe horizontal changes in bore alignment and
also along a very small section of the tunnel soffit. The contact along the top of the
pipe was attribuied 10 an erratic hand-excavated bore,

In fine sand below the water table at Scheme 7, it appeared that the pipeline
was buoyant in the bentonite lubricant and pipe-soil contact was shown to be non-
uniform along and around the instrumented pipe The reasons put forward for non-
uniform contact were: arrangement of lubricant injection sockets; and position of the
pipe relative 1o the microtunneiling machine (inserted as the second pipe behind the
shield).

In the lubricated drive through glacial clay at Scheme &, the pore pressure and
total stress measurements were similar, and both very erratic; effective stresses were
small and shear stresses very small The picture here was of the pipelme largely
buoyant in lubricant, Pressure within the lubricant varied rapidly, probably due to a
function of mjection procedures and the pipeline trving to straighten in a misaligned

bore. Maximum shear stresses were recorded along the sides and top of the pipe along
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a short section at the start of the drive. These relatively large shear stresses coincided
with a section of drive where the clay was described as being noticeably wetter.

At Scheme 9 in sofl clay, fairly umiform radial and shear stresses were
measured around the instrumented pipe Total radial stresses and pore pressures were
almost equal, and effective radial stresses and shear stresses were low at about 20kPa
and 10kPa respectively. The ntroduction of lubricant caused mterface stresses along
the top, bottom and right of the pipe to become more erratic, along the left of the pipe

stresses became more consistent. The likely reason for this was a non-umiform

distribution of lubricant slurry.

6.7.3 Ground related factors

Results relating local shear and radial stresses werc cxamined and data
presented for some of the Stage 2 schemes and all the Stage 3 schemes. In the
cohesionless soils at Schemes 4, 5 and 7 the shear stress/radial stress relationships
were clearly frictional, measured skin friction angles, &, were 1 the range 20° to 43°

At the Stage 2 schemes m cohesive soils it was demonstrated that the
relationship between shear and radial stresses also appeared to be frictional. In
London clay at Scheme 3 however, there was evidence of a non-linear relationship; at
higher radial stresses the shear stresses seemed to tend toward a limiting value. This
type of non-linear relationship was also found ar Scheme 6, also in the London clay,
but at much lower shear stresses

Plots of mterface stresses for mdividual pushes showed that contact stresses
can be very localised and can vary rapidly as pipes advance. This was probably due to

a relatively rigid pipe making contact with an wrregular soil surface.

6.7.4 Effects of stoppages

For the schemes m London clay, tolal radial stresses were shown to decrease
with time during stoppages Unforfunately, changes in pore pressures were less clear
and were very difficult ta interpret Consequently effective radial stresses were also
highly complex The many data examined showed a variety of responses during these
stoppages and it was not possible to contirm a definitive mechanism, The general

paltern appeared (o thul shearing-induced excess pore pressures dissipale durmg
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sloppages, so that the effective radial stresses increased even though total stresses
decreased

At Scheme 8 (in stiff glacial clay) the interface stress measurcments before
and after weekend stoppages were consistent with a redistribution of lubricant
pressure and loss of pipe buoyancy For stoppages i the sofi clay at Scheme 9 there
was no detectable change in interface stresses during routine short defays. After the
one sigmificant stoppage of a weekend break, the decrease in pore pressures and
corresponding increase in effective radial stresses suggested some closure of the

tunnel bore.

6.7.5 Misalignment effects

Comparing tunnel alignment surveys and change in misalignment angles to
interface stress records for horizontal musalignments, confirmed that increased contact
stresses are generated on the inside of horizontal curves, Vertical msalignments in the
monitored drives were not as severe as the horizontal deviations and it was not
possible therefore to investigate the behaviour of a pipeline spanning between high
points.

6.7.6 Lubrication effects

Detailed examination of interface stresses and fluid pressures during Scheme 7
demonstrated that a non-uniform distribution of Tubricant slurry oceurred. Interface
stresses around the instrumented pipe showed very little pipe-sail contact along the
right and bottom of the pipe, but significant contact on the top and left. Very low
shear stresses (hetween zero and 5kPa) and zero skin friction angles were recorded
along the bottom and right of the pipe, at the top and left, shear stresses of up to
50kPa were measured and the corresponding friction angles were 37° to 40°. During
the pumping of lubricant it was notable that the time during which the pressure
change occurred around the pipe varied significantly The pressure change was
mfluenced by the orientation of the pipe the tunnel bore; along the pipe left and at the
top, where the pipe was in contact with the ground, the increase in pressure due to

pumping fresh slurry was delayed the longest.
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At Scheme R, mterface stresses around the mstrumented pipe showed a much
more even distribution of lubricant than that of Scheme 7. Effective radial stresses and
shear stresses were very low (less than 5kPa) indicating neghgible contact between
the pipe and soil in the tunnel invert,

The results of introducing lubricant at Scheme 9 proved more difficult to
interpret The wtroduction of lubricant appearcd to have only a temporary effect of.
reducmg effective radial stresses and shear stresses along the right and bottom of the
pipe; and increasing contact stresses along the left and top of the pipe. The non-
uniform stress change was again amributed to the posmion of a lubricant njection

socket, but the temporary nature of the effects 1s yet not fully understood
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7.1  INTRODUCTION

Like other methods of tunnelling, pipe jacking mevitably causes disturbance in
the surrounding ground, and resulting deformation may result in damage to adjacent
services, structures and pavements One of the advantages pipe jacking has over other
methods 15 that the tunne! behind the shicld 15 1mmediately lined with pipes of
sufficient strength and stiffness to withstand jacking forces Deformation of the lining
due to ground loading will be negligible and the technique should therefore minimise
ground movements, provided no large displaccments occur due to instability at the
tunnel face or siress relief. Increasing use of pipe jacking in urban areas, where the
concentration of existing services is high, therefore requires a greater understanding
of the form and magnitude of resulting ground deformation

This chapter aims to review how pipc jacking affects ground movements in a
variety of grounds by drawing on observations from the monitoring work of Stage 3
and other relevant published data. Stage 3 fieldwork included measuring ground
movements and change in ground stresses where possible. Inclinometers, settlement
plates and surface settlement points were emplayed in the monitoring of transverse
ground movements. On Scheme 8 longitudinal subsurface settlements close to the
tunnel crown were accurately measured using electro-levels. Push-in pressure cells
and piezometers were installed above and to the side of two of the monitored tunnels
to measure in-situ stresses Changes in ground stresses due w construction of the
tunnel will be presented, and measured ground movements compared to current
empirical predictive methods. Detailed information on the instrumentation used is

included in Chapter 3.

72  PREDICTION OF SETTLEMENTS
The extent of iransverse and longitudinal surface setilement above an
advancing tunnel is illustrated in Figure 7.1. Following much research and analysis of

tunmel settlement data, it 15 now widely accepted that the shape of the transverse

71



chaiter seven

ground responsc

settlement profile immediately behind a runnel is well described by an error function

curve of the form shown in Figure 7.2. Surface seftlement, S., is defined as

2

_y
S =8 (7 1)
¥ maxexp[ 212 ]

where Sy is the maximum settlement (at y = 0} and 2 1s the standard deviation of the
curve. The wadth of the settlement profile is conveniently defined by 1, which is the
distance from the tunnel centre line to the point of inflexion O'Reilly and New (1982)
reviewed seftlement data from tunnels in the UK to show thar : was an approximately

linear function of depth zy and for most practical purposes can be simphfied to

i = Kz, 72)

where X is dependent on the type of soil and for tunnels in clays, and sands or gravels,
may be taken as 0 5 and 0.25 respectively.

Figure 7.1 Settlement above an advancing tunnel (after Attewell et al, 1986).
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Figure 7.2 ldealised transverse settlement profile (after Attewell et al, 1986).
For subsurface settlements the trough width parameter i can be expressed as
1=Kz, ~z) (73)

Marr et al (1993) have shown that the ratio #/(zy — z) mcreases with depth (Figure 7.3)

and

017540 325(1-%)
- 0

K= (7.4)

The value of Spax may be obtained by equating the volume of the settlement
trough ¥; to the volume of estimated ground loss. Integrating equation (7 1) gives

V.=8 2% (7.5)
rearranging,
¥V
S o = 7.6
o (7.6)

There are two main source contributions comprising ground loss in tunnclling

face loss (axial loss at the tunnel face) and closure of the ground between shield and
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the funnel lining. Ground loss is usually expressed as a percentage fraction, ¥, of the
excavated area of the tunnel face.
For a circular tunnel

2
v =n 2
4

77

In pipe jacking ground loss due to movement at the face can be assumed to be
negligible ecither because the face 1s continually supported by slurry pressure or
because the cxcavation is m stiff clay Tunnel drameters uging the techunigue are
relatively small and an open face in stiff clay should be highly stable with only very
small movements due to elastic unloading occurrmg. Closure of the overbreak —
extent of ground excavated between the bore diameter, D)., and pipe diameter, D, —
should therefore be the only significant contribution to ground loss. For a circular pipe

jack it is assumed

v, =§{Di -Di) (7.8)

The ideahised shape of the longitudmal settlement profile 1s shown in Figure
7.4. Settlement begins to show ar the surface at a distance of about z or 2z, ahead of

the face and mitial displacement is normally 80% to 90% complete at a similar
distance behind the face — Lake et al (1992).

04

2iza

08

Figare 7.3 Variation of K with depth for subsurface settlements above tunnels in
clays (after Mair et al 1993).
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Figure 7.4 Idealised longitudinal surface settlement profile (after Lake et al
1992).

The longitudinal settlement trough is assumed to correspond to a cumulative

probability curve, Attewell and Woodman (1982}, and can be expressed as

V. (;f-] G(x—x,] X=Xy
P AR gl Fx (79)

where X and y are tunnel co-ordinates and

Gls)= J_ Iexp[ ) (7.10)

The value of the cumulative normal distribution function, G, can be evaluated by

numerical integration or found 1n statistical tables.
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7.3 FIELD MEASUREMENTS
7.3.1 Pressure cell readings

Tlonizontal stress and pore pressure ineasurements from the push-in pressure cells
on Scheme 6 are shown in Figures 7.5 and 7.6 Cell A was installed over the tunnel
centre line and cell B offsct by 1.5m — Figure 4.5 The pore pressure response in both
cells did not stabilise after installation and will not be discussed further. Total horizontal
stress readings stabilised at approximately 400kPa - about 70kPa greater than the total
horizontal stresses from the pressuremeter tests at the same depths (Table 4 5) In stiff
clays Tedd et al (1984) suggest push-in pressure cells may over-read by approximately
0.58, whereas more recent work by Ryley and Carder (1995) recommend 0.8s, as a best-
fit correction The undrained strength of the London clay in Scheme 6 was about 90 -
100kPa (Table 4.5} and the over-read cotrection of 0 8s, gives good agreement between
the pressure cell readings and pressuremeter tests. Cell A, mtended to be just above the
crown of the tunnel, was exposed at the face having been installed at the incorrect level
(Figure 4.5) - it recorded a drop of about 240kPa to a final reading of 160kPa. As the
stueld approached, both cells showed a small increase in stress of about 18kPa which
may be due to the soil arching m front of the tunnel excavation Readings from cell B —
offset by 1.5m — showed an 1mmediate reduction in stress of 60kPa as the face passed.
Stress decreased turther with time to 215kPa at the final set of readings -- about half the
pre-tunnelling values. Elastic analysis of the stresses around an open bore - Poulos and
Davies (1991) - with mitial vertical and honzontal stresses of 190kPa and 330kPa
respectively, predicts a drop i horizontal siress at the location of the cell of 167kPa. The
greater drop recorded in practice may be the result of local plastic yielding around the
opening,

The push-in pressure cells were also used 1n the soft clay of Scheme 9. Resulis
are shown in Figure 77 Cell A was installed over the centre line just above the crown
at a depth of 5m. Cell B, at 6.5m deep, and the piezometer were offset by 1.5m on
opposite sides of the centre line — Figure 4.16. Generally cell and piezometer readings
were reasonably stable soon after installation. At cell A, total horizontal stress, o,
was 160kPa prior to wmunnelling, the corresponding pore pressure, u, 43kPa and
resulting effective stress, o'y, 1 17kPa. Cell B at about 6 5Sm depth, gave pre-tunnelling
readings oy of 200kPa, u at 35kPa and o', 165kPa.
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Overconsolidation ratios (OCRs) of natural soft clays are typically i the range
of 1 to 3 5. In the soft clay at nearby Tilbury, De Moor and Taylor (1991) found XK,
varied from about 0.5 to 10 for the above range of OCRs m similar ground at a
similar depth. The vanation of pre-tunnelling ¢', with depth recorded by the pressure
cells 13 compared with the K,=1 hne {based on overburden stress) in Figure 78 The
overburden stress was calculated using an average bulk unit weight of 13 3kN/m’
measured in the clay between 3m and 8m depth during triaxial testing of 100mm
drameter samples Densities tecorded over this depth varied between 1.15Mg/m’ to
1.63Mg/m’. Measured values of o' in the lightly overconsohdated soil indicate K,
values far greater than unity and it is suggested therefore that the spade cells were
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over-reading horizontal stresses in the soft clay There are no data to compare the
values to stresses measured using other techmiques such as self-boring pressuremeters
and empirtcal corrections cannot be made. It s suggested thal these readings are best
interpreted as change in stresses (i.e. on/Cu0, Where Gpp is the initial stabilised value},
Figure 7.9. Just over the crown, cell A, there was a significant increase in total
horizontal stress as the machine approached and passed the instrumented section, due
to cxcess pore pressures There were small increases in effective horizontal stress as
the face passed which persisted until the end of construction. Adjacent to the tunnel at
abour axus level, cell B, positive pore pressures were small and as the machine passed,
total and effective horizontal stress readings show an immediate and permanent

reduction. The 22kPa decrease in o'y may be an over response as suggested above
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Figure 7.7 Pressure cell readings during Scheme 9,
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Fluctuations in pore pressure, brought about by tunnelling actrvities, gave rise

to stress changes around the face. Figure 7.10 illustrates the development of excess

pore pressures as the wnnel progressed. The largest increase of 115kPa was measured

above (he crown; piezometers adjacent to the funnel recorded excess pressures of

between 10kla to 20kPa Figure 7.11 shows the pore pressure variation with depth.

Pre-tunnelling pore pressures at axis level and below the tunnel were close to

hydrostatic pressures. Above the tunnel readings indicate pressures greater than the

hydrostanc distribution, perhaps due to a perched water table in the clay. The final set

of readings show dissipation of the excess pare pressures was fully complete seven

months after construction, Figure 7.12.

100 -

40 ¢

Excess pore pressure kPa

20

20 -0 o
Cistance from face m

Figure 7.10 Variation of excess pore pressure with tunnel progress in Scheme 9.
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Figure 7.11 Variation of total pore pressure with depth in Scheme 9.
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Figure 7.12 Pore pressure dissipation in Scheme 9.

7.3.2 Surface settlements
7.3.2.1 Scheme 6

Surface settlement measurements in Scheme 6 were made by precise levelling
of studs driven into the road pavement as it was not possible to install the ground
movement monitoring stations shown m Figure 2 18, The surface settlements shown
in Figurc 713 therefore show movement of the road pavement The settlements
probably do not represent true ground movement since the stiff pavement may, to

some degree, span over the actual settlement trough.

E——Pnadldnd =  Bdays m Fdeys = 1Tyeers!

E
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Figure 7.13 Predicted and measured surface settlements after construction on
Scheme 6.

The overbreak in this scheme was provided by the miner excavating a clearance

around the shield varying from about 10mm at the crown to a maximum of about 30mm
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at the shoulder and zero at the invert. The average overbreak value 1s taken as 25mm.
Using equations (7 1) to (7.8} gives the predicted profile shown m Figure 7.13. The
valuc of 1 at the surface 1s 4.76m, assuming the ground o be cohesive (there is in
practice a significant layer of sandy gravel above the London Clay), and the
maxmmum predicted selllement is 12mm Measured valucs taken eight days after
completion of the tunnel indicate a similar settlement profile, except that the centre line
value 1s rather less than those erther side, though all lie within the calculated settlement
profile The final set of measurements - taken almost two years after completion - show a
consistent profile but with levels shghtly higher than expected This can probably be
attributed to local movements in the road pavement, erther by traffic damage or

temperature and seasonal movement.

7.3.2.2 Scheme 7
Figure 7 14 shows the measured surface seitlements and two predicted

profiles As in Scheme 6 measurements were made on studs (road nails) and not

settlement stations due to the pipe jack location The profile with Spu = 18mm
assumes that the full overbreak volume between cutter diameter and pipe outer
diameter is converted to settlement. Observed movements four days after tunnel

completion show a maximum sewtlement of only 6mm over the centre line but a

distance to the pomt of inflexion close to the predicted value of 1.45m. There are two

probable factors accounting for the discrepancy in magmtude of settlement:

1) Shearing of the soil during settlement will cause some dilation of the dense
sand resultmg in the volume of the settlement trough being less than the
overbreak volume.

i1} The bentonite sturry gel - used as a lubricant - prevents the ground completely

collapsing onto the pipes.

An alternative calculation, gIving Syax = 7.8mm, assumes that the difference in
diameter between cutter and shield gives the overbreak volume. Allowing for some
dilation, this alternative predicted profile s in reasonable agreement wilth the
observations made four days after completion However, the calculation leaves some

doubt over whether seftlements continue as the bentomite/sol gel consolidatcs under
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pressure from the surrounding soil In this case, observations made two hundred and
eighteen days after completion show a further settlement over the centre line of about
2mm. The profile however, 13 much flatter than predicted probably due to the stiff

road pavement More recent measurements indicate no further increase m settlement

5 — - I
x  studs 4 days = shuds 218days ~ Inol tube 4 days

Sefilement mm

Smax= 18"

_20 R I I I : : ' .
-0 -8B 6 4 -2 a 2 4 5] g 10

Distance from gentre line m

Figure 7.14 Predicted and measured surface settlements after construction on
Scheme 7.

7 3.2.3 Scheme 8
Surface settlement profiles from Scheme 3 are plotted in Figure 7.15 with two

predicted profiles. Measurements were taken on hoth raad nails and settlement

stations.
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Figure 7.15 Predicted and measured surface settlements after construction on
Scheme 8.
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The value of Spax = 13 3mm assumes full closure of the overbreak between
cutter and pipes whereas the value of S,.x = 10mm results from closure between
cutter and shield, assuming that the remaining annulus 15 held open by bentonite
slurry pressure. Both profiles are larger than early measurements, though the shape of
the selilement trough 15 well predicted. Surprisingly, the settlements on the road nails
were greaier than on the settlement monitoring stations founded beneath the
pavement. A more recent set of measurements show a less well defined (rough pattern
with settlements close to the predicted profile where full overbreak closure is

assumed

7.3.2 4 Scheme 9

Observed surface settlements with predicted profiles are shown in Figure 7 16.
Erroncous readings and dufficulties in accessing the settlement stations (located within
a fenced off plot) has unfortunately resulted in only one set of rehiable measurements.
As with the calculations for Schemes 7 and 8, the deeper profile, where Sy =
11.5mm, assumes full overbreak closure. With partial closure, Spax = 5.8mm, the
predicted profile matches almost exactly the observed settlements which might
suggest the presence of pressurised slurry is preventing full short-term closure of the

overbreak,

Predicted
A0+ Smax=5877

Setlemant mm

A5F  Sma= 1157

-15 -10 -5 G 5 10 15
Distance from centre line m

Figure 7.16 Predicted and measured surface settlements after comstruction on
Scheme 9.
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7.3.3 Subsurface movements
7.3.3.1 Scheme 6

Longiudinal and ransverse inclinometer access tube profiles are plotted m
Figures 7.17 and 7 18 respectively It should be noted that due to financial constraints,
access tubes (in all four schemes) were not adequately embedded nto strata
sufficiently deep to prevent translation and/or rotation — all profiles are taken relative
to the top of the tubes (restrained by grout and pavements). Maximum longitudinal
displacements of about 3Imm into the excavation were recorded 1 7years after
construction at approximately one tunnel diameter above the crown. Transverse
movements are small. the maximum displacement of 5mm was observed just above
the tunnel crown, Figure 7.19. Data from the access tube profiles and movement of
the magnetic settlement plates have been combined to give the transverse
displacement vectors shown in Figure 7.20. Maxmmum settlements of I1mm were
measured above the tunnel crown

Measurements of subsurface ground movements during construction of five
London Underground tunnels of approximately 4m in diameter, at depths of 20-29m, m
London Clay were presented in dimensionless form by Mair and Taylor (1993), Figure
7.21 Vertical ground movements were measured at different distances above the funnel
centre line and horizontal movements were measured at various positions al turmel axis
level. Data are reasonably consistent and are in general agreement with Imear plots The
gradient of the lines, which are almost parallel, is consistent with a G/s, ratio of about
100, ths assumes wdealised linear elastic-perfectly plastic soil behaviour Figure 7 22
shows Scheme 6 subsurface movements plotted in the same dimensionless form The
gradient of lines through these data is similar to those for the deeper and larger tunnels.
Assuming an undrained shear strength of about 100kPa at the depth of the pipe jack, the
stability ratio yz/s, is 1 7, compared with an average value of about 2.5 for the deeper
tunnels Taking this into account, and assuming a complete unloading of the cylmdrical
cavity m the case of the pipe jack, a Gis, ratio of about 80 1s imphed by the data in
Figure 7.22. This compares favourably with the G/s, ratio of 100 deduced from the
movements around larger and deeper tunnels in London Clay.
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Figure 7.20 Displaccment vectors 40 days after construction at Scheme 6.
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1993).
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7.3.3.2 Scheme 7

Delormanon of the inchnometer access tubes at Scheme 7 was negligible —
typically less than 1mm — and showed no consistent patnern, Figures 7 23 and 7.24.
Movements of the magnetic settlement plates are shown as displacement vectors
Figure 7235 A considerable variation in plate movement was measured along the
access tubes from 2mm (about the acceptable limit of accuracy for this typc of
measurement) to 8mm The verlical displacement vectors are consistent with a
relatively narrow displacement zone i the sand that can be attmibuted 1o a loosening

of s0il above the tunnel crown.

733 3 Scheme 8

Access tube profiles at Scheme 8 are plotted 1n Figures 7.26 and 7 27. It 1s
suggested that the maximum longitudinal measurements indicated at tube C, Figure
7.26(c), are erroneous due to movement of the tube top. A translation of 2 to 3mm
would probably reflect more realistic displacements of 0-lmm towards the
excavation Longitudinal displacement at tubes A and B 1s small, reaching a
maximum of about 1 5Smm at the tunnel axis level. Maximum transverse displacement
is 1llustrated m Figure 7.28. Transverse movement 1s small and reaches a maximum of
about 3mm at the level of the tunnel. Displacement vectors are shown in Figure 7 29:
settlement magnets closest to the tunnel typically settle by about 5Smm Tt is not clear
if movements were complete by the final set of readings. During a visit to the scheme
one year after construction it was discovered that the tubes had been damaged during

site clearance preventng longer term measurements bemng made.
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Figure 7.29 Displacement vectors after constraction at Scheme 8.

Detalled measurements of longitudinal subsurface movements were made

using an mclinometer access tube contaming ten electro-levels, Iigure 4 13. The 10m
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long tube was installed over the centre line of the 1800mm pipe jack at a depth of
about 6m, from 0 5 to 1.0m above the crown. Datum readings were taken seven days
after the electro-levels were stalled with the face about 40m from the tube
Continuous measurements were made (hroughout the remaining excavation period
and for scventcen days after drive completion; contractual and logistical problems
prevented a further period of monitoring for long-term deformation. By integratmng
the electro-level readings, the contmuous change n tube profile has been caloulated.
A selection of tube profiles as the tunnel advanced are plotted and compared to
predicted profiles — using equarions (7.9) and {7 10) — in Figure 7.30. The predicted
profile assumes closure between cutter and shield, the remaining annulus being held
open by bentonite shurry pressure, and is equivalent to a face loss of 1 5-2.0%
Agreement between the predicted profile and measurements is generally very good in
shape and magnitude particularly as the trough begins to develop at the tube location,
Figures 7.30{c} to (e). As the face approaches the shaft measured seftlements arc
between 2-4mm less than the predicted profile, Figures 7.30(h) to (k), and a two-stage
profile appears to have developed. There is a kink 1n the profile at about 7m from the
shaft which can be attributed to consolidation settlement over the weekend 2-3
September Figure 731 shows the consolidation settlement measured between
4:00p m on 2 September and 7 00a.m. on 5 September. The face was & 8m from the
shaft and consolidation has mcreased settlements at 8, ¢ and 10m over those that
would have occurred had excavation continued at the normal rate. During the
excavation standstll settlements above the shield mcreased by
1) 1.3mm at the tube end,
i1) 0 7mm at 9m from the shaft; and
1ii) 0.1lmm at 8m from the shaft.
Following completion of the pipe jack, settlement continued and at the final set of
readings, taken 17days after construction, measured settlements agree well with those
predicted, Figure 7.30(1)

The longitudinal subsurface settlements show a mechanism largely followmng
four phascs of ground displacement: initial displacement, shield passing displacement,

tail void displacement and consohdation settlement.
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Figure 7.31 Consolidation seftlement of the elecira-level tuhe during the
weekend of 2-5 September at Scheme 8.

I Initial displacement

Where the face of the shield machine has not reached the mstrument location,
displacements due to elastic unloading of stresscs ncar the cxcavation can occur.
Ground loss due to movement at the open-type shield here was negligible because the
stiff to very stiff boulder clay at the face was highly stable. Initial settlements
therefore were wnsignificant at 0.5mm or less - Figures 7 30(a) and (b)

IT Shield passing displacement

The second phase is where excavation 1s taking place and the shield 1s passing
the instruments or monitoring station in question. During this phase a void or
overbreak is created between the swrrounding ground and the shield. Settlements
occutring during this phase in Scheme 8§ are taken as those immediately above the

shield and are typically 2 to 7mm

{IT Loss behind the shield

The third phase 1s where the shield has passed the location of interest and a
greater void 18 created between the surrounding soil and the tunnel liming. The jacking
pipes were 20mm smaller in diameter than the shield resulling in an overbreak
between tunnel bore and pipes of 10mm on radius. During the jacking process

bentonite slurry was injected into the void to prevent ground closure and reduce skin

7.27



chapter ceven

ground response

friction. The shield was about 6m long, therefore once the cutterhead was 4m or less
from the shaft wall - Figures 7 30(h) to (k) — settlements due to the additional ground
loss behind the machine might be expected. There does not however appear to be any

scttlement of this type, probably due the bentonite slurry filling the void

IV Consohdation

The end of excavation marks the commencement of the final settlement phase
where creep deformation or consolidation of cohesive soil occurs. Figure 7 32 shows
continued settlements of 2 to 3mm between the period of cessanian of excavation on §
September and the final readmgs taken on 22 September. Consolidation scttlements at
individual electro-levels are presented in Figure 7.33. The smaller consolidation
settlements at the end section of the tube (8, 9 and 10m) can be attributed to the
consolidation that occurred during the weekend standstill of 2-5 September, The
settlements are 0.5 to Imm less than elsewhere along the tube which is about the same
magnitude as the weekend consolidation settlement, confirming that settlements at all
points are tendmg towards the same long-term value. Consohdation settlement
variation with logarithm time is shown m Figure 7.34, and indicates a linear
relationship. Extrapolation of the log-linear relation from [0hrs to above 100vrs

suggesls maximum further settlements of only 3 to 4mm
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Figure 7.32 Settlement of the electro-level tube after construction at Scheme 8.
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8.

7.3 3.4 Schemc 9

The largest measured subsurtace movements occurred at Scheme 9 and are an
order of magnitude greater than those measured at Schemes 6 to 8. Access tube
profiles are shown in Figures 7.35 and 7.36. In the longitudmal direction 2 maximum
displacement of 12mm was measured 1.5m from the tuonel centre line, Tube B, at
about the level of the crown' above the tunnel centre line, Tube A, movements of

Tmm were measurcd n the direction of the drive.
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Figure 7.35 Longitudinal inclinometer access tube profiles on Scheme 9.
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In the transverse direction, large horizontal displacements in a perpendicular
direction away from the excavation were observed close to the level of the tunnel
axis, Figures 7.36 and 7.37 Above the tnnel centre line in Tube A only small
transverse displacements, 2 to 3mm, were measured. A significant displacement of
25mm was mcasured at Tube B wath the face about 3m from the instrumentation.
After the face had passed the maximum displacement increased to 86mm just above
the axis level. At Tube C, 3.5m from the tunnel centre line, a maximum displaccment
of 22mm was observed.

De Moor and Taylar (1989) measured movements due to a 2.1m diameter pipe
Jjacked tunnel m similar ground at nearby Tilbury Profiles of the largest transverse
tube deformations at various distances from the tunnel centre line are presented in
Figure 7.38. Displacements at Tilbury are similar in shape, direction and magnitude to
Scheme 9 measurements' the maximum displacement of 107mm was observed at
about 2m from centre line and was just above the level of the tunnel crown. Figure
7 39 shows measurements of horizontal movements at the level of the tumnel axis
from the two different soft clay sites Measurements are reasonably consistent and are

m general agreement with the hinear plot
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Figure 7.37 Maximum transverse access tube deformation at Scheme 9.
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As the tunnel advanced very large pore pressures were measured, reflectmg
high pressures generated at the face by the advancing slurry machmne. As a result of
this most of the subsurface displacements are significant and in a direction away from
the excavation It is not yet fully understood why the large subsurface movements did
not translate to greater surface movements. With hindsight, 1t would have been
preferable to have mcreased surface settlement instrumentation at 2 more accessible
location and to have increased the frequency of readings TInstallation of the electro-
levels at this scheme, as had been onginally planned, would have produced some very
useful measurements and assisted in understanding the verv large subsurface
displacements

Although magnetic settlement plates were mstalled around the access tubes,
due to 24hr shift working measurements were made by three individuals, each using a
slightly different datum. It has proved difficult to interpret the inconsistent sets of

measurements and displacement vectors can not therefore be considered here.

7.4  CONCLUSIONS
The principal conclusions are:

1 Surface settlements are consistent with expected profiles but measurements are
somewhat smaller than predicted because ground losses appear to have been less
than the full overbreak volume

it Subsurface movements in London clay were found to be 1n good agreement with
the pattern of behaviour for deeper and larger tunnels,

iii, Subsurface displacements were very small at Schemes 6, 7 and & and barely
detectable using magnetic settlement plates

iv. Eleciro-levels have been used very successfully to obtamn very accurale
measurements of a developing subsurtace longitudinal profile

v The slurry machine tunnelling method used in the soft clay at Scheme 9 has
generated large forces at the tunnel face tesulting in very large subsurface
displacements that could potentially have been damaging to nearby services had

any been sufficiently close to the tunnel
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chapter eight
conclusions and recommendations

8.1 FIELDWORK

The site-based research was very difficult to organise and undertake
suceessfully within the contract period due to few suitable sites bemg available for the
fieldwork. The search for sites within the areas of each participating water company
was unsuccessful. In practice, the main variables in choosing sites werc start dates and
ground type, length and depth of drives and to some extent, pipe size, were in the end
immaterial It was very unfortunate that delays at the fifth site earmarked for Stage 3
monitoring (i gravel and chalk), resulted in the intended work there being
abandoned Bentonite lubricant was used m varying degrees on the four sites chosen
and the ellectiveness (discussed in Section 8 3) varied greatly

Sophisticated jacking rigs, with integral thrust rings, on two of the four
monitored schemes precluded the use of heavy-duty load cells on the jack rams. Only
by measuring hydraulic oil pressures at the rams and calibrating these pressures
against load cell output were jackmg loads determined at Schemes 7 and 8. Ideally,
jacking forces should be measured using load cells on rams but during the course of
this and the previous fieldwork, contractors indicated that the large cells were a
hindrance to their normal operations. Any [uture work involving measuring jacking
forces should, m addition to jack load cells, also consider alternative methods of
measurement.

Tt proved sarisfactory to record the position of the instrumented pipe usmg a
linear displacement unit measuring forward movement of the pipe in the jackmg pit
Using this system the author was able to predict the location of the mstrumented pipe
to withm about £150mm However, 1t is recommended for any future work that the
stainless steel wire (factory-fitted in the instruments) is replaced with hcavy duty
nylon fishing line, which is more robust and less prone to kinking. A second standby
instrument would be advantageous as the jacking pit was found to be the harshest
environment on site and any instrumentation placed there was prone to damage from

many SO'ces
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Gluing the contact stress cells into high tolerance holes (cast or hored) mn the
pipe wall should remam the preferred method so that the instrument is as far as
pussible an integral part of an otherwise standard jacking pipe. The method of
retrieving the cells by overcoring from within the instrumented pipe was a
straightforward operation at three of the four sites. Only at the Scheme 7 pipe jack, 1n
sand below the water iable, was the instrumented pipe (1000mm mternal diameter)
pushed through and raised to the surface for de-commissioning and instrument
retrieval.

A two-second sampling rate for logging the pipe jacking data, though
advantageous for capturmg valuable information at the start of pushes, produced an
amount of data too great for one researcher to deal with. The decision of the author to
collect data at the two-second rate was with hindsight an error and contributed greatly
to the late complction of this thesis In future fieldwork the research team should
adopt samphing rates quick enough to capture spikes at the start of pushes but should
be careful not to generate excessive quantilies of data that might never be analysed
due to time constramnts. A major problem faced by the author was the relatively low
specification of personal computers avaitable during the research period. Subsequent
advances in personal computers and sophisticated multi-tasking software should now
allow large amounts of raw dala lo be processed and converted to engineering units
immediately and at source — although raw data should still be logged and also kepr as
a permanent record. The immediate conversion of raw data would cut down
considerably on laboratory-based computing time

The electro-levels at Scheme 8 provided large quantitics of high quality
ground movement data 1t was intended that the instruments would be similarly used
in the soft clay of Scheme 9 but regrettably a lack of clear communication between
research staff and the Contractor’s Agent, regarding installation requirements,
prevented their further use This situation could have been avoided by supplying the
Agent with clear written instructions, mcluding drawings, outhning the exact
requirements

Monitoring pipe jackmng operations, taking readmps from ground
mstrumentation and surveying surface settlement stations often proved too much work

for one researcher and assistant. Future sile-based work where jacking procedures and
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ground response are monitored should welude two or three people, in addition to the
main researcher (primarily responsible for recording pipe jacking operations) to read
the ground instrumentation and (o survey settlement stations In this way a greater
number of ground response readings would be possible as the tunnel approaches and

passes ground instruments

8.2 JACKING LOADS
8.2.1 Face loads

The intercept of the line of average increase in jacking load at zero length has
been assumed to represent the penetration force or “face load’. In the stable bores n
stiff cohesive soils at Schemes 1. 3 and 8 the penetration forces of 120-335kN are
relatively small and are primarily due to friction on the shicld and 1o a lesser extent,
the inevitable trimming of some areas of the excavation. In the hand drive at Scheme
6, a generous overbreak was excavated by the miner resulting in zero face load When
a shield is used to substantially trim an excavation, the cutting edge resistance will
cause significant mcreases in the total penetration force At Scheme 4 the penetration
resistance was very small when the miner excavated an overbreak but when the shield
was used to trim the excavation, the resistance increased markedly by almost 800kN
At Scheme 2 the shield was also used to trum the excavation and resulted in a large
face load of 950kN. In slury support operations large penetration forces, comprising
slurry support pressure and shield trimming resistance, may occur In the machine-
driven Schemes 3, 7 and 9 measured face loads varied between 600-1200kN

This work has shown that zero face loads can be achieved in hand-driven pipe
jacks where an overbreak 1s excavated. However, a generous overbreak may result n
relatively large ground movements which may be less desirable than a large face load

component of total jacking forces.

8.2.2 Lubrication

The mfluence of lubrication on the pipe jacks monitored duning Stage 3 was
mvestigated by kecpmg a detailed log of lubricating procedures including start and
finish times of lubricant pumping, approximate volumes pumped and the location of

injection points in the pipeline The ficldwork regrettably did not include a more
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comprehensive study that with hindsight would have included: brand of bentonute,
exact volumes pumped, pumping pressures and consistency of the slurry. The
rescarch into lubrication cffects could have been improved with (s additional
infarmation.

Bentonite slurry was used as the Iubricant at alt Stage 3 schemes and also at
Scheme 5; polymer additives were used in the bentonite shurry at Scheme 4. The
lubricating operations affected jacking resistances in a number of ways and measured
reductions in resistance fall in the range 44 — 90%.

The partial lubrication used at Scheme 6 appeared 10 be meffective in that the
myectton of shurry had no discernible effect m reducing jacking resistance Only small
volimes of slurry were pumped inlo a stable bore with a generous overbreak void,
and the only mjection sockets were located m the top and sides of the shield
Consequently, Iittle of the unevenly distributed slurry had the desired effect of
reducing friction between bottom of the pipe and tunnel invert. Had greater amounts
of the aqueous siurry been pumped, swelling of the highly plastic clay so1l might have
been accelerated and caused the ground to close onto the pipeline leading to a higher
Jacking resistance. The stable bore at Scheme 4 is reported as also being partially
lubricated. Here bentonite slurry with polymer additives was mtroduced towards the
end of the drive and though it did not completely fill the overbreak void, it was very
effective in producing a 59% reduction in frictional resistance

Schemes 5 and 7, in granular soils below the water table, were fully lubricated
by filling the overbreak void with bentorute slurry and pressurising it to overcome
groundwater pressure, form a filter cake, and support the tunnel bore. In Scheme 5 the
introduction of full bentonite support and lubrication was very effective in reducing
frictional resistance from 100kN/m to 10kN/m — a 90% reduction At Scheme 7,
although classified as being fully lubricated, the situation 13 more complex because
the lubricating system, in use from the start, was only fully operational at the
begmnning and end of the drive, and consequently periods of full hibrication were
mterspersed with sections of little lubrication However, as in Scheme 5, there was a
factor of ten or more between fully lubricated and partially lubricated resistances.

In the cohesive soils at Schemes § and 9 initial unlubricated lengths were

followed by the introduction of full lubrication In the stiff glacial clay at Scheme §,
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the tunnel bore was stable and during the unlubricated section, pipes shd along the
base of the bore and the jacking resistance was relatively high Introducing sufficient
bentonite slurry to fill the overbreak void resulted m pipe buoyancy and a 69%
reduction m resistance. Maintaming full lubrication effected a low frictional
resistance for the remainder of the drive

At Scheme 9, m very soft alluvial clay, the reduction from unlubricated to
average lubricated resistance was 44%. It appears in this case of an unstable bore that
the lubricant was able to displace soil, or natural clay slurry, in contact with
unlubricated pipelme and become equally effective over hoth the unlubricated length
and newly excavated bore

‘This work has shown that in unstable ground, m particular cohesionless soils
below the water table, it is preferable to start lubrication and ground support as soon
as possible after the start of the drive, since 1t may not subsequently be possible to
reduce the jacking resistance developed where the ground has collapsed Tt has also
been demonstrated that m stable ground, or in soft clay, the introduction of hubricant
may be delayed until limiling jacking loads are approached, since it will be effective

over the full length of pipeline soon after 1t is ntroduced.

8.2.3 Misalignment

The absolute effect of misalignments on total jacking loads was not clear m
the jacking records from the monitored schemes due to other influencing factors To
measure the effect, it would be necessary to compare jacking forces from pipe jacks in
identical conditions, one driven perfectly straight and one purposely misaligned. This
would only be feasible in a full-scale test bed operation, or at model scale 1n the
laboratory. Misalignment effects have therefore been examuned in this rescarch

programme through contact stresses between pipe and ground.

8.2.4 Stoppages

A very important factor m highly plastic soils is the increase in jacking load
following stoppages. The jacking records for Schemes 3 and 6 demonstrate the
marked increase in forces associated with delays in London clay, where the force

required to restart the jack can vary, depending on the length of delay, between 10-
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53% greater than that required to sustain motion. Increases are detectable after delays
of only a few minutes but the largest increases occur following stoppages of hours. It
is recommended that designers use a ‘stoppage factor’ of 1 6 on calculated [rictional
resistances i London clay to allow for stoppage effects During pipe jacks, increase

in the jacking load due to a delay, t (hours), can be reasonably predicted using:

OP/P =0 26 + 0 049In(t).

Tt is suggested that after long delays m highly plastic clays, pressurising a non-
aqueous lubricant filling the overbreak void before pushmg may prevent farge restart
forces.

Increases in jacking load were also observed in the low plasticity clay of
Scheme 1 but the magnitudes were much smaller than those observed in London clay
The maximum increase of 35% followed a weekend break. In the glacial clay at
Scheme 8, large jacking loads following each weekend break were probably caused
by the pipeline settling onto the tunnel invert over the weekend as some of the
lubnicating fhaid dissipated into sand layers, These large restart forces may have been
avoided by recharging the shurry before jacking At Scheme 9, the one notable restart
load also followed a weekend break but here was due to the ground closing onto the
pipeline over the two-day period

This thesis has shown that stoppage effects in unlubricated and partially
lubricated pipe jacks through high plasticity clays can result in very large increases in
jacking loads, fully Iubricated behaviour in these soils requires further investigation
In stiff, low plasticity clays there may be jacking load increases due to stoppages and
until the database for these clays is widened, a conservative ‘stoppage factor’ of 1 4
on calculated frictional resistances is recommended. In pipe jacks through soft clay

and cohesionless soils there should be no noticeable increase n restart forces.

83  PIPE-SOIL INTERACTION
8.3.1 Pipe-soil contact
The contact stress cells built into the wall of the instrumented pipes have

provided valuable mformation on: the measure of interface friction between concrete
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pipes and different ground types, interface stress variation during stoppages; the
variation ol stresses along pipes due to pipeline misalignment; and buoyancy and
other lubrication effects The quality of the effective radial stress measurements at
Scheme 6 could have been improved had the author decided to use Druck pore
pressure transducers m all the contact stress cells. The decision to usc on a trial basis,
a different type of transducer was a mistake. It 15 recommended that the reliable and
stable Druck PDCRS1 transducers are used for any sumilar fieldwork.

In the London clay at Scheme 6, the contact stress cells recorded data
generally only along the pipe bottom mdicating simple shiding along the base of an
open. bore, while at Scheme 9 1 soft clay the contact stresses wete almost equal all
around the pipe. In the fully lubricated drives at Schemes 7 and 8 the bentonite slurry
heavily influenced interface stresses.

The apparent fiictional behaviour, in terms of total stresses, ohserved at the
Stage 2 schemes through cohesive soils was not evident at Scheme 6 The lower range
of stresses measured during the latter scheme appears to fall mto two groups with
non-lear shear-radial relations with limiting values of 15 and 40kPa respectively
This curvi-linear behaviour 1s more typical of London clay than is a purely frictional
relationship The [imiting values are much lower than the undrained strength of the
mtact clay, of about 120kPa, giving ratios of undramned adhesion to undramed soil
strength of 0.13 and 0 38. This probably represents the remoulded and softened shear
zone in the tunnel bore

Relations between shear and radial stresses during jacking through the
cohesionless soil of Scheme 7, where substantial contact between pipe and soil
occurred, have unsurprisingly shown the relationship to be frictional As at Scheme 4,
the relationship appears to be stress level dependent at stresses greater that 100kPa. At
Scheme 7, the skin friction angle, &', was 37.5" for substantial pipe-soil contact,
comparing favourably with & of 38° at Scheme 4. Partial lubrication generally had the
effect of reducing the friction angle to about 15° full lubrication resulted in friction
angles close to zero.

Un Scheme 9, relatively uniform shear stresses of 5-10kPa were measured all
around the pipe, indicating undraimed adhesive behaviour There appeared to be little

difference in behavicur 1n interface stress measurements from before and after
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lubrication 1t is suggested that the overbreak annulus remained open in the
unlubricated length and filled with a natural clay slurry that was displaced by the
benlonite slurry after lubncation.

This (hesis has shown that contact between pipe and sod is essentially
frictional 1n nature in cohesionless soids and stiff elays 1t has also demonstrated that

contact tends to be adhesive in softer clays and at higher stresses in stiff clays.

8.3.2 Stoppages

The delays berween pushes in the London clay sites of Schemes 3 and 6 have
been shown to result in sigmficant increases in restart jacking loads Only the
mterface stress measurements from Scheme 6, at the tunnel invert, have been
available for detailed analysis relating to this phenomenon. Tt was unfortunate that at
the time of monitoring only one of the three stress cells in the bottom of the pipe had
been fully modified with a reliable pore pressure transducer Readings from the two
modified cells were generally dissimilar and also the repeatability of pore pressure
measurements during stoppages was poor. There is therelore some doubt over the
vahdity of pore pressures and effective radial stresses used in the analysis Assumimg
that the pore pressure measurements presented for Scheme 6 are not erroneous, then
the mechamism causing this stoppage effect 1s hghly complex Total stress
measurements are repeatable and the data show stresses decreasmg during the rest
periods. Pore pressure data durmg the shorter delays show decreasing pressures (or
increasing in a negative sense) causing suction, but during the longer breaks,
overnight or weekends, pressures dissipate as groundwater drains towards the
temoulded and softened shear zone. The resulting effective stresses during the short
breaks generally increase and result i the increased restart force

At Scheme & it was not possible to investigate the geotechnical aspects of any
stoppage mechamsm n stiff glacial clay because the instrumented pipe was mserted
mto a fully lubricated bore 'the change in contact stresses around the Scheme 8 pipe
showed that a redistribution of lubricant pressure and loss of buoyancy caused the
increased jacking loads required to restart the drive after weekends. In the soft clay at
Scheme 9 almost continuous progress resulted m few stoppages. A significant

exception was the only weekend break that resulted mn a large restart load
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Examination of the change in interface stresses during the weekend mdicated the
ground closing onto the pipeline

The understanding of geotechnical aspects of the stoppage mechanism i high
plasticity clay could have been improved had a greater number of contact stress cells
been placed in the bottom of the instrumented pipe at Scheme 6 The author should
have anticipated a situation of pipes sliding along the base of an open bore at this
particular scheme and should have designed a more appropriate distribution of cells
Placing one or two more cells in the pipe bottom, and offsetting them from the axis,

would also have provided vatuable information on the area of cantact

8.3.3 Misalignment

The increased number of contact stress cells in this reported phase of
fieldwork has allowed detailed observations on the complex variation of interface
stresses along pipes travelling through misaligned bores. The tunnel at Scheme 7 was
almost perfectly straight but at Schemes 6, 8 and 9 there were some significant
deviations from line and/or level. The stress measurements have demonstrated that in
pipe jacks deviating from line by typical amounts, contact between pipe and ground is
made on the inside of bends: the misahgned pipelines appear to act as prestressed
segmental beams spanning between points of maximum curvature. This mformation
should allow the development or refinement of simple theoretical models for

caleulating the increase in jacking resistance due to misalignments,

8.3.4 Lubrication

Interface stress measurements from this reported work have demonstrated
bevond doubt that jacking pipes will become buoyant in full Iubrication conditions At
Schemes 7 and 8, contact stress cells along the top of the pipes showed significant
effective radial and shear stresses whereas cells in the bottom generally measured
fimd pressure frora the slurry and very low shear stresses, about the shear strength of
the lubricating fluid. Contact stresses have also demonstrated the impartance of
arranging injection sockets to evenly distribute lubvicanl. Al Scheme 7 the resull of
placing injection sockets along only the right side of pipes closest to the mstrumented

pipe, resulted in increased effcctive radial and shear stresses as the pipe was forced

8.9



chapter cight

conclusions and recommendations

agamst the left side of the tunnel bore. In contrast, the contact stresses measured
around the instrumented pipe at Scheme 8 were relatively low all around the pipe
bccause the arrangement of injection sockets ensured a more even distribution of
shurry. If properly implemented, full lubrication can result in reducing the average

shear resistance around a pipeline to about 5kPa

8.4 GROUND RESPONSE
8.4.1 Ground movements

Ground movements induced by the pipe jacking tunnelimg technique have
often been quoted as being negligible Measurements at the reported schemes have
generally shown very small movements in stiff clays and cohesionless sols Using
O’Reilly and New’s (1982) model and the assumption that ground volume loss 1s only
provided by closure of the overbreak annulus, surface settlements above pipe jacks
can now be predicted with reasonable accuracy It is recommended that i predicting
surface settlements due to pipe jacking, equation (7.8) should be used for ground loss
n place of a percentage face loss that may underestimate settlements

The use of bentonite lubricants in overbreak voids appears to have prevented
full overbreak closure in the short-term On Scheme 6 and & longer-term
measurements were taken but uncertainty mn the size of the overbreak at the former
scheme has led to maccuracies in predicting settlement troughs. At the latter scheme
the volume of the seftlement trough 18 consistent with the full closure of the overbreak
annulus

Transverse subsurface movement at Schemes 6, 7 and 8 did not exceed Smm
Subsurface movements n the London clay sitc (Scheme 6) though small were found
to be in good agreement with the pattern of behaviour for larger and deeper tunnels.
The large movements at tunnel axis level in the soft clay at Scheme 9, almost 90mm,
were a result of large forces generated by the slurry machme. The longitudinal
settlement profile measured by the electro-levels at Scheme & 15 consistent with
closure of the overbreak annulus between cutterhead and shield. Development of the
longrtudinal prefile with progress of the shield largely follows four phases of ground

displacement. initial displacement, shield passmg displacement, tail void
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displacement and consolidation settlement The largest settlements occurred

immediately above the shield during the second phase.

8.4.2 Ground stresses

The push-in pressure cells at Scheme 6 showed small mcreases in horizontal
stresses as the shield approached, probably due to soil arching ahead of the tunnel
excavation As the shield passed, an immediate reduction in stress of 60kPa was
measured Stresses reduced further with time to approximately half the pre-tunnelhing
valies at the final set of rcadings The final reduction in stress was about 30% greater
than that predicted by elastic analysis of stresses around an open bore and was
probably due to local plastic yielding around the tunnel bore

As the tunne] advanced through the soft clay at Scheme 9, the push-in pressure
cells recorded large increases in pore pressures reflecting high pressures generated at
the tunnel face Driving records, requested from the contractor, including face support
pressures (recorded by sensors i the shicld) should allow a comparison between face

loads and the measured lateral earth pressures

8.5 FURTHER WORK

I Craig’s State-of the-Art review (1983) should now be updated to mclude recent
research and the wider database of jacking resistances now available.

2. Though bentonite lubricants have been used on several of the monitored schemes,
their use and procedures was left entirely to the contractor’s normal operation -
brands, consistency, exact volume pumped and injection pressures were not noted
or measured. A further fieldwork research stage should inciude instrumentation to
monitor injection pressures at the pump and at injection points, suspension
consistency and volumes of mjected material The use of non-aqueous lubricants
on pipe jacks i heavily overconsolidated, highly plastic clays should he
mvestigated. In particular the effect of pressuring the fluid prior to restarting the
jack after long delays should be examined.

3 A denailed laboratory-based exercise should be undertaken 1o mvestigate the
stoppage effect mechanism in low and high plasticity clays
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4 The direct effect of a misaligned bore on total jacking loads could be investigated
further in pipe jacks through a full-scale test bed site, or at model scale in the
laboratory, where lubrication and stoppage effects can be mmimised or prevented
completely. Jacking loads from a well-controlled ‘straight’ drive should be
compared to those from a deliberately misaligned drive

5. In stiff clays, where the bore 15 stable and simple sliding along the tunnel invert 1s
anticipated, contact areas along the pipe bottom should be investigated by
offsetting one or more contact stress cells from the pipe axis

6 Interface stresses should be measured at a minimum of two locations within the
pipe string — separated by a significant distance — to record changes i stress due
to repeated shearing and stoppage cycles.

7 Long-term ground movement data around pipe jacks are few, further field
monitoring should be carried out.

8. Electro-levels shonld be used again to measure ground movements, particularly in
soft clays. Contmuous measurements would provide detailed information on how

ground movements develop ahead of an advancing tunnel in very soft ground

8.6 CONCLUDING REMARKS

This second phase of the site-based research was accomplished within the
budget and was a very successful example of co-operation between industrial chents,
contractors, academia and government. This is mamly due to the considerable
management effort of the Pipe Jacking Research Management Group.

The work was successful m fully mstrumenting a further four pipe jacks.
Many data were collected, particularly interface stress measurements, and further
analysis will continue for some time to come.

Information obtamed from the reported work should allow the author and
others to further develop and refine simple theoretical models for estimating likely
jacking forces in different grounds. These models will be of great value to the

specialised industry of pipe jacking and microtunnelling.
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Appender A

Austraiian CPA Analysis
APPENDIX A — Australian CPA Analysis

The analysis presented by the Australian CPA is summarised below-

'
[
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Figure A.1 Australian Joint Stress Distribution

Total packer and pipe deformation Zx_\.a =Aa+AL
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Deformations related to stress
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where 1 = wall thickness and 7, = wall thickness at jomt
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therefore E a E, IE,

the corresponding joint clasticity coefficient £, 1s given by E = ﬁ
atk, + Lf
¢ IR

The problem reduces to the stress distribution in an annular cross-section where the

tensile stresses are disregarded, Marks (1987)
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From the diagram

Rearranging

Appendix A

Australian CPA Analysis
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where . can be found from tables, Marks (loc cit).

R

A2



Appendix B

Equipment [nventory

APPENDIX B — Equipment Inventory

Ttem Description Quantity | Replacement cost | Total cost at 1993
at 1993 prices (£) prices {£)
(excluding VAT) {excluding VAT)

1. Contact stress cells

a) Ilousmng 12 1200 14,400
b} Cambridge Transducer 12 1000 12,000
¢) Druck PDCRS1 10 350 3500
d} Keller 2M1 2 200 400
"2 Pipe Jomt Pressure Cells 34 600 20,400
3 Tube Extensometers 6 900 5400
(including LVDTs)
4  Pipc Joint Mavement ] 400 2400
Indicators (including LVDTs)}
5 Jack Load Cells (including 4 1800 7200
caps)
6 EDM unt 1 1950 |  Returned at no cost
7 Data logger equipment 10 Average 1350 13.500
inchuding purpose built power

supply, steel containers and

female connectors

8 Computers

a) 386 Opus 1 1500 1500
b) 486 Opus 1 2300 2300
c) Notebook 1 2500 2500
d) Pentium 166 1 2500 2500
9 Cabling
a) flexible power 400m 400 400
b) rigid power 100m 200 200
¢} signal 500m 300 300
10 Male connectors/power Item 2500 2300
supple plugs & sockets
11 Instrument contather 1 3500 3300
12 UPS power backup 1 800 800
Total £95,700
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Appendsx C

Angalar Deviatton

APPENDIX C — Evaluation of joint angular deviation from line and level

information.

Figure C.1 illustrates an angular deviation £ at their common joint.

Dhrection cosines of AB are === 1 m==2-"1 p=- 4

and direction cosines of BC are: =23

By definition the angular deviation Sis given by:

Cosf=1' + mm' + on

y Y

>

" A
\

Ys

"’] |AB |= | BC| = L

Figure C.1 Coordinate system for determining £ from line and level surveys.
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Appenchx

Half-wave Mixlel

APPENDIX D — Derivation of Milligan and Norris (1998) Half-wave Model

The simplified model for forces acting on a half-wave length (1) of pipelne are

illustrated in Figure D 1

Py and P, are the axial jacking forces, N; and N, the addwional comact forces between

pipe and ground, ¥ the self-weight per unit length, D the internal diameter of the

pipes, and othe interface friction angle At the points of maximum curvature the axial

forces are assumed to act close to the edge of the pipe.

For lateral equilibrium

For longitudinal equilibrium

For moment equilibrnium about point X

P, =F+Wl.tand + N.tand

f
AD+Wlans 2N N b
272 2

Vo (2P +Wi.tan&)D

Rearranging a {7 —D.tanﬁ)
Dtan 528 + Wi.tano
therefore P, =(R +Pl.an )+ {0 ED1 tand) )
p . pl+Ding) —W'.tans
and ! (- Dtans) (- Dtang)
M| N
212 -
& | _ 1 - - Witons .
— e ——
&/“\&
Jacking direction 2 2
Bkt

Figure D.1 Theoretical half-wave model for pipe-soil interaction.
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