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Packing Material in Jacked Plpe Jomts

L2110

u \N E. Milligar
O .iplt:‘/ o
“23ea"C mILTneT 3% 3xf3r~ ;f'versv:; Zuring
o} o2 yea ©ing concrete g1 tehaviour auring
~sta T Sy th hcd Trhe work has 1nvestigated many
ascect “he pipes b2 Jacked ang this paper highlights
2re aspe: oT that tne use of packing materials 1n pipe
JZints. The laboratcry exercise nas been carried out using scale mode]l
cipes. It has investigated Joint orofiles and differences in their
cenaviour, ard the advantages and dis advantages of using compressible
Jacking materials 1n the joint. The effect of misalignment between
consecutive pipes and now this influences their ability to transmit
Jacking ioad is presented. Cifferent joint packing materials nave been
tested to establish their an-lity o distribute stress concentrations
cetween misaligned piges arg gcipes whose ends are not perfectly square
SC =2alh 2ther. A summar, cf allowable jacking lcads on model pipes
vartcus geflecticns s Tncliuded.

1 INTRODUCTION

The research programme 1nto the cerfcrmance
and behaviour of jacked pipes began at Oxforg
three years ago. The need for rasearcn has
been highlighted in reports anc zresenta-

2 7he distribution of stress concentrations

Cetween misaligned pipes, the use of
packing material to reduce this concen-
tration and to find a suitable Jjoint profile
to minimise stresses and retain pipeline
watertightness and integrity.

tions, Craig (1983) anc Kirkland /1382), As

a result a substantial researcr crogramme 4 7he possibility of using a suitable jacking
was established which would &tegin with strength test to supplement the existing
laboratory investigations. Severa!l topics 3ritish Standard tests.

were listed as areas where mocre kKnowisdge

was required to  fully ungerstand the S The effect of soil

behaviour and 1imitations of oipejacking.
The Pipe Jacking Asscciation (PJA), Concrate

stress level on the
oehaviour of the pipe during Jacking, 1in
particular 1ts changes in shape and

Pipe Association (CPA} angd Constructior oriertaticn with different appliiea jacking
Industraies Research and Informazion Toads.
Association {CIRIA) rav2 zCeer instrumenca’
in establisnring a researcrn programme witr .
full suppors from the civil engineeri-~g3 2 Tmemost suttable and economic measurements
Tndustry., Tre researcn 18 acdrticnatily ~z pe made to monitor performance of a
supportec by the Science and Engines-~-ng “ull-scale pipejacking operaticnr.
Research Counc:1 {SERC).
T The variocus failure modes occurring in
Recent rsapcrts 1n underground magaz-~ Jacked pipes anrd how pipes can be gdesigned,
September 1337, September 1383, of clav o ‘nstalled arc monitored to predict and
failures rav2 nignlighzed “urther the urg Zrevant sucr ‘Tariures.
need fcoroooa S0 wngerstanding T oz
cehavizur "~ Tris rap iy expancgirs ma- 2 JOINT PACKING MATERIALS
ang for 2xcer-ancaz o ©3oze Lizz o=
suterv:ise "~3%a’lat-cr Sacking mater-als are reccmmenced for use In
jacking $ize JC°nTs but ro cetatlls of thear
cCccncrete giges ars Jsed t: st.l. re MATUre 2r exact DeSsS1LIcNINg 11 the joint were
fc7lowing £CINtS i Srzer to improve  cur ava“lable whren =<nis research commenced. The
understarcing of tre pehaviou-r =7 ©-oes packing materia’ 1s used as an aid to cis-
during and a‘ter 1~s%ailation:- ~“ribute areas of nigh stress concentrations

over larger pipe end area and thereby reduce

! The districution of concrete sora-=s =4r+ng tre maximum stress Tevel., In tne past Qakang
Fipejacking and how these crarze when sc1’ mater-als have beer usead 1ntermittently by
lcading 1s transfsmea to the nizce as 1% s cme p-ocejacking cortractors and ot 1‘7
*nstalled i~ <%ts Firmal posit e av=-- ded oy cSthers. wrhen pacxkings materials

ra,2 ceen used trey nave Teen assco-ated waitn
< Carameters ~g 3tcc sca’ ' on3 o ire corcrate at




The aim of tn g series of tests was To asse
~he advantages 2and disadvantages assoctiat
~itr the ss2 of packing materials. The tes
~To2 Y23l o reccmmendatisrs Cno the Lse
mate~cai's Tre rature ofF toe material ot
122 S TrZk o1t o shoull bes o ard wrere
itz .z ze 2lazed. Tremateriars were asses
Lm2ec C.2 o lcac conditiors and testel
S2772.43 2Crditions: as purchasad; saturated;
35anur-ates and rocm dried.
Tne 1zZeal material 1s consicerec to be cor=e
“hat ccmpresses greatly when loaded and
rgcovers 1ts thickness when unioaded, and a
material that does not induce tensile strains
"n tre cconcrete that are any greater tnan
tnose asscciated with the axial Toad appl-ed.
The cacking material should have a Poissons
ratlic n compression near to zero. It 1is
empnasised that these are ideal reaguiremenrts
and properties and the aim of the test

crogramme was to find the packing mater~ia’
most able to meet the requirements.

_cading of packing matarial should be between
concrete surfaces to simulate the friction
Setween packing material and pipe end trat
wouild be experienced in practice.

Part of the function of tnhe joint packing
material is believed to be pr=2venticn of
stress concentrations created by high gcints
on the concrete surface. This 1s especialiv
relevant to the trowel finished end of a
vertically cast pipe.

3 TEST PROGRAMME

A series of cyclic loading tests waere carried
out testing various prototype packing
materials used in Jjacked pipe joints. The
tests were conducted using 10Cmm sidec
concrete cubes as locading media with packirg
material sandwiched between them. The con-
crata cubes were instrumented witn eiectrica’
~esistance strairn gauge rosettes anc L"e
changing thickness of the packing nateria
was monitored with linear variable diffe-
ential transformers (LVDT's). LoaZ was
apcilec using a hydraulic Jjack anag =ire
arrangement of the test eguipment anc
“ransducer positions are shown in Figure 1.

o

'

"T~r2e =eslectrizal resistance strain 3
~Isettes were used to monitcr magritudes an
I -ections ¢t 'nduced strains. Four LVODTS
mecr-tcred tn2 gap between the concrete

arc rence n2 compression an .
cking material thickness. The
30 enabled assessment of any .
~ tne lcads apnlied. Initially a iarge numb
T Jifferent materials were tested a
«rther testing was carried out on select
materials as a result of these initral test
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Tests were carried out on a large numcer
material types and alil the materiais
"caded cyciically using the mechanism 2
'm Figure 2. This mechanism contrc’s
~ydrautic S5y meving the contrci

“3°"g a Tan ancd cam driven by a m
tne cam arc
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3 programme was written which ernabled data
o b2 recorded dJurirg 40 second time intervals
~~1ch allowed recording of data before,
c.uring and after loading. Data was recorded
Jurirg every lcad application for the first
~zn applications of 1oad and thereafter
Cr2ings were made every tenth cycle. Trne
“-rst and last cyclic load applications were
carried out manually and allowed data to be
~ecorded as lcad was being increasea and
decreaczed. This data recording process would
give a clear indication of how the packing
material’s properties changed during the
applicaticon of approximately 360 load/unload
cycles.

Foliowing 1initial testing further cyclic
‘cading was carried ocut on the followirg
materials at the stated stress leveis and
material conditions:-

Stress Condizion

Material Initial

Thickness

SON/mme Dense
fibreboard

As supplied 18mm,
12mm, &mm
Chipboard 18mm

Exterior
grade plywood

18mm, €mm

15N,/mm2 Dernse
fibreboard

As supplied 18mm,
12mm, 6mm

Chipboard 18mm,
12mm
Exterior 18mm, 6mm

grade plywood

Serman 22mm
chipboard
‘IN;mm< Dense Saturated 18mm,

fibreboara 12mm, &mm

Chipboard tamm,
12mm
cxterior 13mm,

srage plywood {2mm, Smm

zerman z2mm
zmipgeoanc
ioTtscara 1omm

mwms Tense Saturated
fipre

oreboard then room
dried

Chigboard t8mm,

t2mm
Cxterior PEamm,
;3-ade oywocc “2mm, Srm
ie~manr ZZ2mm
Imscoar:

e




STfects ¢f stress cocncentraticns applied o
~crorete have been researcned previously by
17 l1ams (1973), wno's report reviaws current
ara’,7Z1cal procedures and preserts results
fromoa T orogramme to> assess tne

Ty s5uUsTaln NTgrh strasses Iu=2”

T2z23 arsas. Various tspes 2f matarns

322 and ail tests were locaged Lo “ai’
Zigure 3 presents results showing how
concrete bearing stress 1s increased as tre
‘oad area is decreasecd and is reproduced frcm

2 report by Willjams (1379). Bearing st~ ess
car be up to four times the concrete
compressive strength before failure occurs.
Included in the report are detaills of the
effects of loading onte a troweiled surface
which can reduce the ccncrete bearing stress
to half the value compared with locading cn
fiat surfaces. Tre results from these tests
are of some use to the current research but
take nc account of cistributed stresses; al’
the bearing stresses applied were concen-
trated and uniform.

4 RESULTS

Examination of the finitial cyclic loading
test results revealed several points of
interest. It was clear that packing materials
were being permanently deformed and tne
mater-al properties were totally different
after one lcad application had been perfcrmed
compared to the properties cf the material
before testing began. Consideraticn of the
conditions 1in which the packing materia’
would be used Jed tc all analysis being
carriad out on results recorded subseguent
to application of the first load.

Some of the initial materials tested
immediately ruled out of the subsequent
programme. 18mm thick planed timber
cressed alorg the cirection of it gr
rather than in the direccion of
appl-zation which led to cisplacement =
concrete cube relative to the other.
tinber was chosen as knot free and wzas
considered to be a viabla propcsition fc
cacking material.
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Blcckboard disintegrated on applicatror of
load and was not tested further; hardboara
was obtained in 3mm thickness only ard was
not compressible; '2mm softboard ccmpressec
2 4.5mm anc then resembled dense fibreboard.
3ccd one side shuttering pivweood compressed
Jrevenliy cCue Lo many gaps n tne £y as "t
had bteen Jamirnatecd. Further testirg argd
analysis was carried out on cdense figrepoarad,
vwcod ard chipbeard.

4.1 Stress/strain_relaticnship

DCata nas been processed to give detalls ¢~
the stress and strain concitions inducea -~
the packing material. Stress is cbtainad ov
dividing the locad applied to the pack-'n
material! Dy the area of mater-a’® .rce
compressicon and lcad 1s assumec tc be <o-°3
trituted uni<zrmiy . Stra’n 1s the zTnanis "N

t
TniZsiress Iuring  the cdrrent zad oy
dv-Ze “rizkness cf cacking matera’
T ¥ =he <cycle. The gragrs z2-=
o] ThoFrgure 4 Tyt thtIser CZACH1TG

(38}

~.ais are shown to be strained to a lesser
“ than thinner materials, yet are more
mgressible and therefore better at dis-
TuTing stress cconcentraticns.

Al

ti2s ¢f the rcacking
nsiceration we are
with maximum com-
cression. This svident from the
stress/strain plot presented and the data 1s
~aplotted as compression in millimetres
Zuring the currenrt load cycle against induced
stress in Figure 5. The first of these plots
snows the greater compressibility of thicker
czcking materials and the second plot shows
tre difference between similar thickness
cacking materials, depicting 18mm densa

?-creboard as the most compressible material.

4.2 Effect of cyclic loading

A ¢graph »nlotting time against load 1s
cresented in Figure 6 and 1indicates the
magnitude and duration of load applied during
a typical joint packing material test. The
effect of cyclic loading on a pipejack 1is
important due to the method of pipe
installation. Many of the pipes are loaded
a lTarge number of times during installation
.2, on a 100 metre long pipeJjack without an
nterjack station the average numoer of lcad
agglications to the pipes 1is 200. If an
intermediate jacking station 1is usec it 1s
‘xely that pipes nearest to it will be
subjected to an even larger number of load
cycles and the largest magnitudes of load.

The tests on the packing materials showed
row the material properties changed during
-he application of a large number of load
cycles. A graph showing how the material is
compressed and recaovers 1ts thickness to a
lesser extent with each load application is
cresented in Figura 7. The behaviour is much
mora ncticeable in  tests on saturated
mezteria’s due tc drying cut of the material
Juring the test; the duration of each test
~as fifteen nours.

4.2 Variation of packing material thickness

Juring the test series diffarent iritial

nac«<ing material thicknesses were tested and
the <cifference 1in

ghaviour under

their be
eer 1n Figura £

ol straight 1:ne
ectly sguare encs r=2lative to each
ctner, the packirg materra’l ccmpression and

nence 1ts zhickness khave nc effect on thne
N

cisuributicn oF surass coencentrations
cecause stress ‘s 4r1fIrm. It 1s not until
pTpes are corsicered w~hcse ends are not
3Juare, ever Anc 2l 3rel Thatl Tne require-
ments o -2 CAC4TNg Tat2 3] compression
e 1-Tole] z ~ s De arguedc
that s E "1 picejack
BICR RN Juars cices
2Lz




Materials that are more compressible when
subjected tohign stresses are of most benefit
"n assisting distributicon of stress ccn-
tentraticns. The 1deal scenario would be to
find a material that, resulted 1in equa’
3iresses cver the pipes’ end area whatever
“n2 magnitude oF ceflecticn between pipes o7
.nevenness 1in pipe end prcfile. This s
clearly impcssible to achieve so a materia’
Tnat has a 1ot of compressibility in order
0o distrioute stresses over as great an area
as possible is required. To give some
indication as to how deflected pipes affect
the compressive requirements of the packing
material the table 1in Figure 10 can be
examined. The table details variations 1n
pipe joint gaps related to angular deflec-
“ions.

4.4 Effect of material conditions

The test results were greatly influenceaa ty
the histcry of atmospheric conditions <the
packing material had experienced. It was
important to test the material in the various
conditions to simulate possible treatment
and conditions the material might be sub-
jected to on a construction site. It 1is
nossible that the packing material wouid be
left in the open air, saturated in a pipejack
with water rurning in the invert or saturated
by ground water on the external face cTf an
in wall jointed pipe.

The differences in the material compressive
properties experienced during the tests are
presented in Figure 8 where it can be seen
how saturated materials are much more com-
pressible than materials that have not been
treated. Packing material that has been
saturated and then dried at room temperatiure
raturnrs to the same thickness when compressed
as material that had not teen saturated cu=
nas more thickness recovery when urloadecx.
Th2se tehaviours were found tc be the case
for all materials tested and clearly dem-
onstrate that the saturation of the packirg
material is not detrimental to ~he
compressive behaviour or integrity.
were practically possible, saturation <

packing material would be a agistirct
advantage in distributing jacking lcads cver

N

(Arger areas.,

If -

4.5 Differences between materials

7]

The materials disregarged at tne sariy

3cage
of this test saries were presentec n Sect-zon
Z; they were generally degrading wher ccm-
pressed. Comments in this secticn w:’1 ce
about dense fibreboard, chipboarg and
plywocd.

Analysis =f tne results nas been carriec cus
on data from the last load cyclie apgi‘ed ard
the compression of the packing materia’® ~as
peen arnalvsed to provide cata on jJacking ~cad
capac'ty. "his data has been based cn assumec
max mum alicwable stresses ard nas Ce2”
ca'zu’ated for gacking mater:a’ o 1 ClICmm
o 2 ameter and 30Cmm inter~a’ :

2(Le"nan

‘pe., The data assumes the full end area of
e pipe 1s used for lcad transfer and 1s
esented 1in Figure 9 and Figure 10 by
omparing stress distripbutions for various
gular deflections tetween pipes and
~2lating these to tctal racking loads. It

n e seen that as Joi-t defiections increase
cad 1s rapidly ccncentrated onto a smaill
2a >f the end of the pipe and hence results
reductions 1in jacking load capacity.
Cistributicon of stresses on the end of a pipe
‘s the same for a given distance from the
2dge of the pipe irrespective of pipe
diameter, but increased end area results in
larger loads being acceptable.

3 O o

t this stage it can be commented that dense
ioreboard gives greatest capacity for
transmitting Jjacking forces between
and for distributing concentrations of
stress. Saturated packing material is
neneficial but perhaps not practicable. In
general water enhances the ability of a
nacking material to distribute load and the
material 1s beneficial towards distribution
of Toads on pipe ends which are not square.

pipes

Packing material properties on deflected pipe
Joints shcould be related to deflections
measured relative to the pipe end squareness.
This gives the best indication of the
magnitude of joint gap the packing material
must bridge in order to transfer load.
Squareness of pipe end 1i1s thus a very
important factor 1in considering a pipes’
Jjacking capacity. It should be noted that
pipes complying to end squareness tolerances
of the British Standard could have a joint
gap of up to 8mm on a 900mm internal diameter
pipe. This equates to a deflection of 0.5
degrees even before pipes are deflected
relative to each other. The British Standard
alsc allows for oipe squareness to be 4mm
across the wall thickness as shown 1in Figure

‘4

A1)l materials have been analysed and those
chosen tc best suit the compressive
requirements are dense fibreboards. This 1s
~he most suitable material chosen due to 1ts
ability to transmit axial Jload with a
deflection of 0.2 degrees at the Joint
assuming all materials are subjected to the
same maximum stress. The same conclusicn
~ould te reached for cther Zeflaction angles

and 21fferent stress ‘svels.

<

st O
y L

(19

ng positions cf elecirical resistance

jauge rosettes have besen shown 1in
1. Analysis has been carried out =tc
orincipal strain magnitudes and
“rections and concrete stresses can Cte
assessec below the elastizc 1imit cf tre
concrete. Figure 12 presents data plottsng
measured maximum and minimum  gprincipa’

.ot

Cow oo
50
®

N W

3
Q

@]

ccncrete stresses ccmpared to stress applied
Tre maximum ccncrete
23ses were a'wavys measurad 17

v the hydraulic jacw,
rr Ti1gnment

e



stresses 1n the concrete, measured during
tests on the dense fibreboard, d1d not exceed
the tensile strength of the concrete.

5 SUMMARY OF RESULTS

4 summary of packing materia’l Test 723473
~wculd suggest “hat:-
T Thick packirg matertals are most ceneti-
cial.
2 Deflection angles greater tnan 0.20°

combined with high axial loads ars tc be
avoided; angles are to be measured with
load applied.

3 Wwet materials improve lcad transfer
capabilities by up to three times.

to  be
packing

4 Cyclic 1loading conditions neec
constidered due to permanent
material compression.

Work is to be continued for a further three
years during which time it is planned to
instrument and monitor five pipejacks in the
fielid.

100mm CONCRETE CUBE
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Field instrumentation for monitoring the performance of jacked
concrete pipes

Paul Norris & George Milligan
Department of Engineering Science, Uriversity of Oxford, UK

1 INTRODUCTION

Pipe jacking is a technique for forming small diameter tunnels by pushing or jacking
concrete pipes through the ground from a thrust pit to a receiving pit. Pipes are
advanced using hydraulic power packs located in the thrust pit as the ground in front of
the pipeline is mined. Excavation is normally carried out within a shield using either
pneumatic tools or a tunnel boring machine, with the spoil being transported along the
pipeline to the surface. Steering and adjustments for line and level are made at the
shield using jacks, in conjunction with frequent surveying to fixed reference points.
The method has many advantages over other tunnelling techniques and is often used for
sections of pipe under embankments, roads and railways where open cut methods are
particularly uneconomic because of the need to keep traffic moving continuously.
Although the technique is gaining acceptance with some specifying authorities 1ts
wider use is being held back by a lack of understanding of many factors affecting the
installation and long term performance of such tunnels. This has prompted the Pipe
Jacking Association (PJA) and five UK Water Service Companies to promote and sup-
port a research programme at Oxford University which aims to provide an improved
understanding of the interaction between jacked pipes and the ground and the resulting
pipe stresses by instrumenting and monitoring five full scale pipe jacks under normal
site conditions. Such work inevitably takes place in an environment which cannot be
fully controlled, but which can, with careful planning, be investigated, monitored and
recorded. This paper concentrates on describing the specialist instrumentation devel-
oped for the research and provides an insight into the planning that was necessary for
successful implementation.

2 OXFORD PIPE JACKING INSTRUMENTATION PROGRAMME

The Oxford pipe jacking research instrumentation consists of three instrument clusters
Or monitoring stations as shown in Figure 1. Two stations are incorporated into
specially prepared ’standard’ concrete pipes which can be inserted at any position in a
train of pipes, while the third is positioned in the jacking pit. The lead instrumented pipe
1s only used in drives through cohesive material and is fitted with a Ground Conver-
gence Indicator which measures the rate of ground closure above the front end of the
pipe string. The majority of instruments are incorporated into the second special pipe
which contains:

(a) Four Contact Swress Cells to measure the radial total stress and shear stress acting
on the pipe surface.
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Figure 1. Schematic of Instrumentation Scheme

(b) Twelve Gloetzl pressure cells incorporated into the packing material at each end of
the pipe to measure the magnitude and distribution of stresses at the pipe joints.

(¢) Four Pore Pressure Probes to measure the changes in pore water pressure adjacent
to the pipe.

(d) Six Pipe Joint Movement Indicators to measure the three dimensional joint gap
movements and provide an alternative, approximate, indication of the stresses trans-
mitted between pipes.

(e) Six Tube Extensometers equi-spaced around the pipe circumference to measure the
overall longitudinal pipe compression.

All the above measurements are related to the total jacking force measured throughout
the drive by compression load cells positioned between the jack rams and the thrust ring
and the rate of pipe advance recorded using a Celesco Position (Displacement) trans-
ducer mounted above the tunnel entrance. An arrangement of Gloetzl cells incorporated
into the thrust ring provides information on its effectiveness in distributing the end loads
evenly throughout the jacking cycle. In addition a detailed log is kept of all the factors
that affect the progress and performance of the drives. Such factors include tunnel face
logging and insitu and laboratory soil testing as the jack proceeds to amplify the site
investigation, regular line, level and chainage surveys, pipe dimensional checks and
concrete strength and stiffness testing. Where possible, surface settlement above the
pipe jack is also recorded.

3INSTRUMENT DESIGNS

The main objective of the measurement programme is to monitor pipe performance dur-
ing the installation phase which is usually three to four weeks depending upon the
length of drive, ground conditions and method of excavation. Each instrument has been
designed to operate in the aggressive tunnel environment, have minimal effect on the
measured property, provide the required accuracy and ease of calibration and avoid sig-
nificant disruption to normal site activities.
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3.1 Ground Convergence Indicator

Monitoring the progressive closure of soil onto a jacked pipeline is useful in under-
standing the mechanisms of load transfer between pipe and soil. Initially it was
intended to use ports in the pipes normally provided for grout and bentonite injection to
measure the rate of closure but problems with continuity of access to the pipeline meant
that an automated method of measurement was necessary to supplement periodic man-
ual readings. The ground convergence indicator has been designed for this purpose and
consists of a circular main housing which fits into a steel liner bolted to the inner
surface of the pipe. The principle of operation involves monitoring the movement of a
fin attached to a shaft using a rotary potentiometer. The fin provides a maximum move-
ment of 30mm relative to the top of the housing which is slightly larger than the antici-
pated overcut on most pipe jacks. Care has been taken to seal the compartment housing
the potentiometer from moisture ingress while allowing the void in the recess chamber
accommodating the fin to stabilise with the surrounding ground water. Jamming of the
fin is prevented by PTFE wipers. The device is illustrated in Figure 2. Successful per-
formance of the instrument is highly dependent upon correct selection of the return
spring stiffness which must be compatible with the ground conditions existing at each
site.

Figure 2. Ground Convergence
Indicator

3.2 Contact Stress Cells

The contact stress cell measures both the radial total stress and the shear stress acting at
specific locations on the pipe surface. The assembly is shown in an exploded view in
Figure 3. At the heart of the instrument is a Cambridge Earth Pressure Cell, Stroud
(1971), which is machined on a CNC milling machine from a single block of aluminium
alloy 2014A and wired up with three independent strain gauge circuits, two to sense the
radial stress and the other to sense the shear stress. Assembly of the instrument
involves bolting the pressure cell to the main stainless steel housing and covering it with
a two part cap which protects it from direct contact with the soil. Any load that bears
onto the loading platen is transferred to the main housing via the earth pressure cell,
apart from a small portion of the load that is lost through the hot bonded rubber seal.
Ground water is prevented from entering the instrument by four seals. The loading
platen and the frame are joined by a hot bonding process which injects pressurised
rubber between the adjoining edges which are held in their correct relative positions by
an aluminium moulding jig. The two part cap is sealed against the main housing by a
rubber "0’ ring. The bolts which connect the loading platen to the Cambridge cell are
sealed with malleable copper washers and finally the cable outlet at the base of the
housing is detailed to accept a watertight cable gland. The assembled contact stress
cells are calibrated in a special calibration rig which applies shearing and compression
forces simultaneously to the loading platen. A typical set of responses for an instrument
under radial stress and shear stress calibrations is presented in Figure 4.
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Figure 4. Contact Stress Cell calibration

The main requirements of the measurement performance can be seen to be satisfied:

(a) Load capacities : Radial » 500kPa : Shear > 200kPa

(b) Linear relationship between signal and load

(c) Minimal cross-sensitivity

(d) Fast response to changes in load

Profiling and surface texturing of the active face of the contact stress cell and adequate
fixity of the instrument in the pipe wall are of paramount importance if the instrument 1s
to record representative field data. Shear box tests on a ground polymer modified mor-
tar finish indicated that the material satisfied both frictional similitude and ease of incor-
poration into the instrument by gluing a 5mm thick mortar disk into a recess in the
loading platen prior to profiling. Direct adhesion of the cells into specially cast high
tolerance holes using a fast curing structural glue was used to minimise possible cell
under-registration.

3.3 Gloetzl Pressure Cells

The most important consideration when selecting a suitable measurement device is that
it has minimal influence on the desired measurement. This is particularly difficult to
achieve in the confined and stiffness sensitive pipe joint region where pipe end stresses
are being monitored by Gloetzl Pressure cells incorporated into the packer material.
The Gloetzl Pressure cell is a commercially available instrument which comprises a
rectangular flat jack formed from two sheets of stainless steel, welded around the edges.
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For the pipe jacking research , the space between the plates is filled with oil and a
closed system is achieved by connecting the cell to a strain gauged diaphragm pressure
transducer. Calibration of the hybrid instrument under the cyclic application of a uni-
form stress was found to be linear and repeatable. However, a principal assumption in
the performance of the cell is that its high ratio of area to thickness approaches the ideal
of an infinitely thin element minimising the influence of stress distortion due to vari-
ations in modulus between the sensor pad and the surrounding material. This assump-
tion was found to be invalid for the pipe jack joint because the low stiffness of the
specified Medium Density Fibreboard (MDF) packing material resulted in a stiffer
cell-packer response (Figure 5a & 3b). A set of calibration tests using MDF packers
with different cell-packer areas, applied stress levels and packer moisture contents have
been carried out to establish the cell over-registration factor. Temperature changes in
the pipejack joint are monitored using PRT temperature gauges mounted in lugs welded
to the sides of a limited number of the rectangular plates.
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Figure 6. Tube Extensometer

3.4 Tube Extensometers

The tube extensometer enables concrete movements over a 1.6m gauge length to be
recorded using an LVDT mounted at the centre of the device. The instrument as illus-
trated in Figure 6, consists of two 25mm diameter lengths of silver steel machined to
enable one length to slide inside the other for a distance of 100mm. Friction is
minimised by gluing two linear motion bearings into the sleeve. Support brackets
attached to each end of the device facilitate bolting to tufnel blocks cast into the pipe
surface and a central sliding support minimises sagging over the central portion.

3.5 Pore Pressure Probes

The pore pressure probes are located as close as possible to the contact stress cells. A
fast acting probe originated by Bond & Jardine (1989) is used to establish whether rapid
pore pressure build up and dissipation occurs as the pipes are pushed through the
ground. Details of the probe are given in an exploded view in Figure 7.
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Saturation of the filter pores with glycerine is carried out using a vacuum chamber to
evacuate the air beforehand. Transducer calibration and transportation to site are car-
ried out in a cylindrical container which can be attached to a glycerine - air interface.
Transfer of the saturated probe to the steel housing which is glued into a cast hole
through the pipe wall is left until the instrumented pipe is ready for jacking to minimise
possible problems with desaturation.

3.6 Pipe Joint Movement Indicators

The pipe joint movement indicator provides detailed information on the joint gap com-
pression, angular deviation and shear movement as jacking proceeds. The instrument
consists of two aluminium blocks geometrically shaped to hold three LVDT’s in
orthogonal directions. A removable cover plate holds the two parts in their correct rela-
tive positions prior to surface mounting on either side of the instrumented pipe joint.
The installation procedure involves bolting one block to the instrument pipe while it 1s
above ground and then completing the assembly in the tunnel by gluing the second
block to the concrete surface using the cover plate for support.

3.7 Jack Ram Load Cells

The jack ram load cells are a 200 tonne heavy duty compression type commercially
available from Strainstall Ltd. The standard cable connection and cable type has been
modified to ensure operation under submersed conditions. The cell is ficted with a
carrying handle which eases installation and provides physical protection to the cable
connection. A domed loading cap greatly reduces the effects of offset loads and dam-
age 1o the thrust ring. The cell and its method of attachment to the main jack rams are
illustrated in Figure 8. A protective hood prevents accidental damage to the load cell.

246



Figure &. Jack ram load cell

3.8 Data Acquisition System

A modular data acquisition system is mounted inside the main instrumented pipe to
enable readings to be taken remotely from the location of the instruments. For simplic-
1ty a serial information communication technique has been employed which allows a
Personal Computer to be used as the basis of control. The system enables a family of
standard analogue input modules capable of accepting information from the various
instruments to be located close to the measurement station. Short lengths of analogue
signal cables and communication in digital form between the control module and the
host computer, situated above ground, minimises the risk of signal corruption. The sys-
tem 1s capable of 16 bit measurement performance and is readily expanded to 120 chan-
nels which is the maximum anticipated for the fieldwork. The control module contains
a non-volatile memory which retains the set up information even after a system power
down which 1s particularly desirable because the signal and power cables which enter
the pipe jack are required to be disconnected each time a pipe is introduced into the
drive.

The control module and analogue input modules as supplied by Measurement Systems
Ltd were not suitable for rough field conditions and could not power up the instruments.
[t was therefore necessary to house each module in a sealed steel box which was inter-
nally arranged to accommodate a single module and a purpose built stable dc’ power
supply capable of supplving either 5V or 10V to the 16 instrument channels supported
by each box. Lemo underwater cable connectors were used to interface the instruments
to the boxes. Instrument logging strategies were time based with all readings time
stamped ror cross correlation with site construction activities.

4 PLANNING AND EXECUTION OF THE FIELDWORK

The success of any site based research is not only dependent upon the selection of suit-
able Instruments but also thorough planning and execution of the work during the
design and construction phases so that subsequent contractual pressures are minimised.
Pre-contruct meetings with the Client and the Contractor where extremely valuable in
explaining the aims of the research, understanding the roles and motivations of the
parties involved and of maximising the lead in time to the fieldwork. Clear communica-
ton was important at all stages with particular care being taken to ensure that proper
provisions for the research were provided in the contract documents. During the site
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work a member of the contractors staft was made personally responsible for the correct
interpretation of the instrumentation installation and protection procedures which were
designed to minimise delay to the contractor’s programme. Recovery of the instruments
was left until the pipe jack operations were complete.

4.1 Instrument Instaltation

Two methods of pipe manufacture are used in the UK, vertically cast and centrifugally
spun both of which use a dry mix and substantial compaction forces. The high risk of
instrument damage during the casting process and subsequent delivery to site ruled out
installation at the pipe works. It was therefore necessary to cast the required holes and
wfnel anchorage blocks for the in-wall and surface mounted instruments and deliver the
pipes to site with sufficient time to complete the installation above ground. Installation
of the instruments and data acquisition system took approximately 3 days. It was con-
venient over part of this period to monitor the effects of ambient temperature fluctu-
ations on each of the instrument types for subsequent temperature compensation.

4.2 Instrument Protection

Protection of the instruments and data acquisition system against mechanical damage is
provided by a steel liner which fits inside the main instrumented pipe and is detailed to
avoid significant stiffening of its response (figure 9). The liner has a 300mm smaller
diameter than the pipeline and is fabricated in two 1.4m lengths which is slightly longer
than the 2.5m instrumented pipe length. Each overhanging portion is bolted to a steel
cradle fastened to the leading and trailing pipes. The liner is supported in the instrum-
ented pipe by a timber cradle which is shaped to cover a 150 degree arc about the pipe
‘nvert and allow the instruments to be correctly positioned. Cross holes in the timber
cradle provide ducts for routing cables around the pipe circumference. Articulation of
the liner is provided by a central steel banded joint which allows the two halves to slide
+10mm relative to each other. A set of ramps in the leading and trailing pipes allow
muck skips to travel through the liner. Although the smaller diameter of the liner pro-
duces a constriction in the pipeline it has been found in practice that the protection it
provides is well worth the slight reduction in productivity that it causes.

Figure 9. Protective liner
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4.3 Instrument Recovery

Recovery of the instruments was carried out on completion of the drive avoiding
restricted access to the pipes. A variety of techniques were used for the different instru-
ments. Recovery of the Gloetzl cells located in the joints required special anchorage
brackets to be bolted to each side of the instrumented joint and cylinder jacks inserted to
jack the joint apart and allow removal of the cells and insertion of replacement packing
material. The pipeline was then re-jacked by the main jack rams to close the joints.

The in-wall instruments were recovered by overcoring and making good the openings
left in the pipe using precast concrete plugs and epoxy mortar. The surface mounted
instruments, data acquisition units and thrust pit instruments were simply unbolted from
their anchorage points.

5 PERFORMANCE OF THE INSTRUMENTS AND SITE PROCEDURES

A pilot test was successfully completed during August 1990 on a 65m long drive,
through stiff boulder clay, in Bolton. The Client, Bolton Metropolitan Borough Coun-
cil, acting as agents for North West Water Ltd., designed the Bury Road Re-sewerage
Scheme to alleviate foul flooding which was affecting premises in the Breightmet area
of Bolton. Part of the scheme, the 1200mm internal diameter Milnthorpe Road Reten-
tion Tank, was brought forward as a separate phase so that the research could be carried
out ’off-line’. This allowed the main instrumented pipe to be installed close behind the
shield, jacked out the far end, inspected for damage and then re-inserted at the beginn-
ing of the same drive. The contract ran smoothly throughout, with no contractual prob-
lems, which was a direct result of the positive approach adopted by all involved. The
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Figure 10. Contact stress cell & pore pressure readings
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additional work and disruption to normal site activities was estimated to cost £11000,
all of which was covered by bill items. All the instruments were recovered for recali-
bration and re-use after the test. Recalibration of the various instruments agreed to
within 2% of the original values.

The performance of the instrumentation system was very satisfactory. There was no
mechanical damage to any equipment (including power and signal cables) during the
contract period. The casualty rate of the instruments was almost zero with only one
contact stress cell failing in service as a result of moisture ingress past a malleable
copper washer seal and a second cell illustrating long term drift due to moisture ingress
past a faulty O’ ring. While detailed results and their interpretation are not the subject
of the current paper it may be of interest to present limited field data. Figure 10 illus-
trates the responses of the bottom pore pressure probe and contact stress cell which
were obtained over a single working shift. The graphs clearly illustrate the rapid
build-up in pore water pressure and total radial and shear stress during each jacking
operation. Subsequent release of the jacking force produces a small amount of
locked-in interface shear and a rapid reduction in total radial stress and pore water pres-
sure followed by a slow continual dissipation until the next push.

6 CONCLUSIONS

The success of the pilot test has shown that the instrumentation and test procedures are
correct and that the remaining tests can proceed with confidence. The positive approach
adopted by all involved was absolutely essential to the success of the pilot test given the
inevitable interference to work associated with carrying out research in the confined
space of a 1200mm L.D. tunnel. Disruption was kept to a minimum and progress was
only slightly delayed, principally because the instrumentation was almost 100% suc-
cessful and the planning and execution of the work eliminated many areas of possible
delay and conflict.
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The Oxford research project seeks to improve understanding of the loading induced on pipes, and the interaction
between pipes and ground, during their installation by pipe jacking. The first stage involved laboratory studies of
model pipes. The current second stage, described in this paper, involves field measurements on specially
instrumented pipes during actual site operations. The measurements are related to detailed line and level surveys
cf the pipe line and to local ground conditions. The aim is to allow better prediction and control of pipe jacking
operations in the future.

The work is supparted by the Science and Engineering Research Council, the Pipe Jacking Association, and five
Water Service Companies: Northumbrian, North West, Severn Trent, Thames and Yorkshire. Close cooperation
between clients, contractors and researchers has been essential to the success of the project.

The paper sets out the history and objectives of the project, the method of management, the overall concept of
the instrumentation, the selection of sites, the programme of work, problems encountered and progress to date.
Much valuable information from real site conditions has already been obtained and limited preliminary analysis

carried out. Space restrictions prevent a meaningful presentation of the data in this paper.

HISTORY

This reseaich project arose from the need of the pipe jacking
industry, in the form of the Pipe Jacking Association (PJA) and
Cencrete Pipe Association (CPA), to understand better how
pipes and groundinteractduring pipe jacking operations. Following
a survey report by Craig for CIiRIA, the Construction Industry
Research and Information Assaociation (1), discussions were
held between the PJA research committee and Oxiord in the
latter part of 1884. An application in 1985 to the Science and
Engineering Research Council (SERC) was successful and
provided funding in conjunction with the PJA and CPA for initiat
model testing in the laboratory.

This first phase was carried out by Kevin Ripley, starting in
February 1586 and finishing three years later (2). The most
important findings from this work emphasised the need for
suitable packing material in joints along with careful control of
pipe alignment, and the superiority of butt joints (steel-banded or
similar) to in-wall joints for the transmission of large jacking
forces (3).

Inthe summer cf 1587 discussions on phase two were initiated,
ieadingto afurther grantfrom SERCin 1988 and final agreement
cn additonal funding from the PJA and the five Water Authorities
in July 1989, some four months after work had started on the
project. This pnase invclves instrumentation of actual pipe jacks
in the field and is being carried out by Paul Norris, with some
assistance from a research student, Chris Eggleton, who is
undertaking a subsidiary projectto study the effects of lubrication.
The project pericd is again three years, aithough it may be
extended for a few months, with completion in the summer of
1592.

FUNDING AND MANAGEMENT

The centract cost for phase two is about £220,C00, as shown in
Tatle 1; SERC carries about 20% of the totat, the PJA about 40°,
and the remainder is divided equally between the five Water
Cempanies. In additicn, each site cperation invcives additicnai
costs of betwean 210 CCO and £20.CC0, mainly fcr medificaticn
of a standard pipe tc incorperate the instruments, provisicn cf a

3.1

liner inside the instrumented pipe to protect the instruments,
some delay and loss of production by the contractor, and costs
of retrieving the instruments at the end of the operation. By the
end ofthe contract, each Water Company will have carried these
additional costs for one site.

The programme ofresearchis overseen by amanagement group
with two representatives from the PJA, one from Oxford, and one
from each of the water companies. This group meets four times
a year and receives progress reports from the research team.
The funds are administered via a special account with Thames
Water, apartfrom the SERC contribution which is used to support
the research assistant directly through the University.

CBJECTIVES
The overail objectives of the work arise from the CIRIA report (13,
which listed the following main areas requiring investigation:

(a) friction loads in different ground conditions;

ib) load/deflection characteristics of the joints with different
packing materials;

i) the effect of cyclic loading on the pipes at intermediate
jacking stations;

)l ihe efiect of lubricants in reducing fricticn along a pipe;

e he development of a site investigation test suitabie fcr

the prediction cf frictional ferces.

The main uncertainties in pipe jacking arise because the alignment
of pipes can never be perfect. The loads between pipes are not
transmitted uniformly, and the interaction between soil and pipe
is such that frictional forces resisting the forward movement of
the pipe string may be greatly increased. These two effects
interact with each other to increase the jacking loads and cause
stress concentraticns in the pipes. The main purpose of the
research preject is therefore to investigate the load transfer
cetween pipes and the centact pressures between piges and
scil.

More detailed research objectives include the determination cf
the areas cf contact tetween pipe and ground :n beth granular



and cohesive soils, the normal and shear stresses developed at
these contacts, the effects of lubrication, the stresses and strains
‘nindividual pipes, the effects of angular deviations atjcints, and
‘he perfermance ofthe packing material. Some of the points were
studied in the laberatory investigation, but needed confirmation
atfull scale, while other effects could only be achieved in the field
or depended on realistic ground conditions and constructicn
procedures.

INSTRUMENTATION AND DATA COLLECTION
Instrumentation

The instrumentation deveioped to meet these objectives is
shown schematically in Figure 1. The full set of instruments is
arranged inthree groups, inthe lead pipe, inthe maininstrumented
pipe and at the jacking pit. For drives through cohesive soil, the
lead pipe contains a ground convergence indicator which
measures the rate at which the ground closes onto the pipe.
particularly when jacking is halted overnight or at weekends. It
consists essentially of a hinged arm spring-loaded against the
ground and connected to a rotary potentiometer.

The main instrumented pipe is located further back in the pipe

string and contains the following instruments:-

(i four contact stress cells, to measure both radial and
shear total stresses on the surface of the pipe, with their
active face flush with the pipe surface and provided with
a similar surface finish to the pipe;

{in four pore pressure celis adjacent to the contact stress
cells, measuring the local pore pressure and hence
allowing determination of the effective radial stress;

(iii) three jointmovement indicators at each end of the pipe,
tomeasure the movements across the joint gaps in three
dimensions;

{iv) twelve Glotzl pressure celis built into the packer in the
joint at either end of the pipe, to measure the magnitude
and distribution of the loads transferred across the joints;

() six extensometers fitted to the internal surface of the
ripe and equally spaced around it to measure the
ccmpression of the pipe under load.

fn the jacking pit the total jacking load is monitored continuousiy
using two or four load cells positioned between the jack rams and
the thrust ring, and the overall movement of the pipe string by a
displacement transducer mounted above the tunnel entrance. It
was also intended to incorporate Glotzl cells into the thrust ring
tocheckits effectiveness in distributing the jack loads, butto date
this has not been possible in practice.

Aflow chart summarising the cbjectives of the instrumentaticn is
shewn m Figure 2.

Cetails cf the design, ccnstructon and calibraticn of the
instruments are discussed by Norris and Milligan (4). All
instruments were designed to operate successfully in the
aggressive tunnel environment, have minimal effect on the
property tobe measured. be sufficiently accurate andreascnabiy
simple to calibrate, and disrupt normal site cperations as little as
pessible.

Data collecticn and supplementary infarmation

A modular data acquisition system fer up to 120 channeis has
been develeped, with control and input modules mounted inside
the main instrumented pipe. The instruments are connected to
these by srcrtlengths of cable, and the analogue signals from
them are converted to digital signals for transmissicn by a single
cabie to the personal computer located in a container adjacentto
the jacking pit, reducing the risk of signal corruption. This signal

_(,)

(1]

cable and the power cabie fo the instruments have to be broken
andreconnected each time a new pipe isintroduced, inthe same
~ay as the contractor’s power cables.

il results are reccrded on a time basis, with lcggirg intervals
ontroiled by the cemputer; atintervals the data is backed up on
floppy disks to ensure that no data is lost. A site log reccrds all
relevant activities on site for later correlation with instrument
readings. A daily survey of line and level of the full length of the
tunnel is made, and face logs and additional soil sampling and
testing allow correlation of readings with local ground conditions.
Where possible, surface settiement above the tunnel is also
measured.
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To protect the instruments and data acquisition and control
boxes from passing traffic, a steel liner is fitted inside the main
instrumented pipe; this is designed and fixed so that it carries
none of the jacking load itself. Inevitably this liner constricts the
tunnel bore locally and causes some reduction in the contractor's
output. Further details of all of the above are provided by Norris
and Milligan (4).

SITE SELECTION AND PROCEDURES

Site Selection

The research contract was set up with the intention of
instrumenting pipe jacks on five separate schemes. It was
envisaged that one scheme would be provided by each of the
panicipating Water Companies, and perhaps naively expected
thatanumber of sites would be offered by each over the contract
period, allowing aselection of the most suitable sites to be made.
Itwas further expected thatthere would be sufficientlead time on
all schemes for the research activities to be builtinto the contract
documents, so that the contractor would be fully aware of what
he was taking on and the research assistant would have aclearly
established position on site.

On this basis, a review was made of the important parameters
affecting the performance of pipe jacks: decisions were then
taken as to which would be kept constant and which varied
between the schemes. The result appears in Table 2; it can be
seen that the major variables were chosen to be the type of
ground. the size of pipe. and the type of pipe joint. Other
parameters were to be kept as consistent as possible except for
the final drive when alorger and deeper drive would be attempted.
and some instruments then left in place to monitor long-term
tehavicur

For the earfier fcur schemes, tyrical lengths and depths were
chosen, the use of lucrication, and sites with rapidly varying
sverburden cr heavy buildings above the tunnel, would be
avoided, as they would complicate the already difficuit
interpretation of the instrument readings. The packing material
w~as specified as medium density fibreboard. on the basis of the
laboratory work; use of the same material throughout was
essential to allow proper calibration of the Glotzl cells in the pipe
joints.

itwas always intended that the firstdriv e wculd be apilotscheme.
using all the instruments but in reduced rumters. to identify
prebiems with the instrument dasigns, site procedures and data
conecticn. There would then te ‘Yime available to make any
medifications nesessary pefere the four main schemes, abich

#culd use the full instrument se's

Cetaiis of Schemes
in practice the process of selecting schemes was very different.



Details cf the actual shemes instrumented are given in Tabie 3.
The pilotscheme proceeded more or less as planned, butby then
re effects of privatisation of the water industry were having a
major influence on bath the organisation and immediate pians cf
2 various areas. Although a number of pipe-jacking jobs were
«denufied, very few were even reasonably suitable in terms of
‘ceation, timing and ground cenditions for the research work

After a long delay, the next two schemes were both taken on at
shert notice, with contractors already on site, and the research
introduced as a variation to the contract. Scheme two was a late
replacement for one that had been in an advanced stage of
planning, but was then postponed; while scheme three followed
scheme two much too closely for comiort, requiring an early exit
from scheme two and negligible time for repair or recalibration of
instruments between jobs

in parallel with schemes two and three, arrangements were being
made for scheme fouronajob in Yorkshire. Contract documents
incorporating the research work were in preparation, when this
scheme was also postponed and would then be too late to be
included in the three-year programme. Fortunately two other
sites have become available, both in cohesionless material, and
this will allow a full set of five schemes in a variety of ground

cnditions. In both cases, the research has had to be introduced
as a variation to a contract that had already been let. Thus only
inthe case of the pilotdrive was the intended procedure followed.

Trechoice of parameters studied has thus in effectbeen decided
by the availability of sites, although an attempt has still been
made to keep some coherence in the research programme. The
main variable has turned out to be the ground type, with drives
in stiff glacial clay, weathered mudstone, stiff plastic (London)
clay, dense fine siity sand and loose sand and gravel. Pipe
internal diameter has varied between 1200 and 1800mm, and
coverdepths from 1.5m to as much as 21munder anembankment
n scheme three

Crne variable has disappeared. Either as a result of field
experience, or from the findings of the laboratory tests, the
superiority of butt to in-wall joints whenever significant jacking
forces are expected appears to have been accepted, and steel-
tanded pipes have been specified for all schemes. The three
drives through cohesive ground have been completed without
the use offubricant, though with some concern onscheme three.
~t the time of writing, scheme four was just starting; it was
intended to start this withoutlubrication, butto use lubrication and
interjacks as necessary depending on the rate of increase of the
total jacking loads. Comparison between lubricated and
uniutricated behaviour should then be possible. Alifour of these
schemes have been hand excavated. The final scheme, inloase
sand and gravel belcw the water table, will be driven using an
Euro-lseki Unclemcie tunnel boring machine and lubricated
throughout

Site Procedures

Suitable site procedures are as important as good design of
instruments and data acquisition systems if site monitoring is to
pe successful without hindering the work excessively. As far as
pcssible, preparaticn cf the instrumented pipes takes place off-
line. The exact methods of fixing the instruments varies with the
~ay inwhich the pipes are formed ivertically castor centrifugally
srun), but the necessary heles. inserts or brackets are buiitin at
he pipe werks. On site, the instruments are fited while the pipe
:s on the surface, and cniy parts of the joint movementindicators
tand sometimes some of the Glctzi cells) have to be glued In
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place after the pipe is in the tunnel. The total time for assembly
and system checking of the instrumentation is between two and
three days.

Likewise atimbercradle for the protectiveliner for the instruments
is fitted while the pipe is on the surface, thcugh the liner itself and
ramps at either end of it have to be fixed once the pipe is in the
tunnel, causing a few hours delay. Once the monitoring is in
progress, good communicationbetween miners and researchers
ensures that there is very little disruption to the normal working
pattern. The instrumentation may even be of assistance; in
particular, the jack load cells provide a precise and continuous
record of total jacking loads which may help with decisions on
whether or when to lubricate or use an interjack.

The full length of the tunnel is surveyed once a day, but this is
arranged so thatitis done substantially within normal site breaks.
Similarly, sampling or additional geotechnical testing at the face
Is organised to be done during breaks. On scheme three, when
24-hour working became necessary, the research team also
worked shifts to maintain full-time monitoring.

Removal of instruments takes place at the end of the drive or, if
before then, at a weekend. The liner has to be removed, then
extensometers, joint movement indicators and data collection
boxes are unbolted. Instruments cast into the side walis of the
pipe are recovered by overcoring, and the resulting holes made
good as required. Removal of the Glotzl cells requires that the
pipe joints are opened slightly, when they can be prised off the
packer material and pulled out of the joint. The joints can be
opened using two small jacks operating on brackets bolted to the
pipe walls on either side of the instrumented joint, provided that
the instrumented pipe is near one end of the tunnel or an actual
or dummy interjack so thatthe friction on only a few pipes has to
be overcome. This could notbe arranged in scheme three; here
the cells were recovered by drilling and cutting out the packing
materialin the joint, extracting the cells and replacing the packer.
This was successful, but was a tedious operation and caused
some superlicial damage to the cells.

DATA HANDLING

Each instrumented scheme is menitcred for approximately one
month. Continuous logging of the jack load cells and the large
cluster of instruments in the special pipe generates up to 20
Mbytes of data written to print files in ASCIi format, which is
compatible with Lotus 123 spread sheets. To ensure that
excessive data is not handled, logging is performed on two
cifferent time bases. During pusnes. typically of two minutes
duration, data is logged every tive secaonds, while at all other
umes intervals cf cne minute are used. Regular backing up of
dataon floppy diskis carried out twice daily, with two copies being
made and kept in separate locations at all times.

A 386AT personal computer is used for processing. A limitation
of the 123 software used is that the ASCH files produced on site
can only be 240 characters wide (16 channets) for importing into
a spread sheet. Approximately 70 channels are used in the
research and so the site data files have to be split into smaller
manageable groups cf instruments. This stage is performed
using a Ferran pregram written at Oxtord.

Althcugh the data can be scaled ana converted to engineer g
units at the time of capture. it is preferred to record cniy the
.oitage readirgs from the vanous instruments. The conversions
are carried out in the spread sheet at Oxford, minimising the
possibility of introducing errors at source on site.
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Traces of eachinstrumentresponse on adaily basis are produced.
These form the starting point for detailed analysis of individual
pushes and cross correlation between differentinstruments. The
data handling process described above can typically take from
four to six weeks to complete for each scheme. Back-up copies
ot each stage of processing are created and stored cn floppy
disk. Detailed analysis of the Bolton site is weil advanced,
principally because the reliability of the data had to be verified
before commencing work on the remaining sites. Al other
detailed analysis will be performed once the site phase of the
project is completed.

PROGRAMME, PROBLEMS and PROGRESS

Programme

The research contract started on 1st April 1989. the original
outline programme envisaged that the pilot instrumented drive
would take place early in 1990, with the four remaining drives in
the year from the middle of 1990. After nine months, the more
detailed programme shown in Table 4 was set out. Approximately
the firstyear would see the completion of the design, manufacture
and calibration of the instrumentation, the next year and a half
would be required for the five pipe jacks, and the final six months
for analysis of results and writing of a thesis.

Problems

The difficulties experienced in obtaining suitable sites have
already been mentioned. Some other problems have been
weather-related. The pilot scheme started in some of the hottest
Lancashire weather for decades, and then suffered torrentiat rain
which affected ground conditions to the depth of the pipe.
Scheme two took place during the worst of the severe winter
weather; an attempt to hold a management meeting on site
produced a nil attendance apart from those already on site
because travel was almost impossible. These extremes of
temperature were potentially damaging to instruments exposed
on the surface; also some are glued in place and correct
application and curing of the glue was very difficuit.

Unwelcome encounters on site were an unexpected water pipe
which temporarily looded scheme one and an uncharted mine
shaft which delayed scheme two. Scheme three progressed
surprisingly smoothly given that it was on the tightest schedule

Generally speaking the instruments have to date proved extremely
successful. No major modifications were found necessary after
the pilot scheme, and failures have been surprisingly few. There
was some trouble with ingress of fine particles past the seals of
the ground convergence indicator, but constraints of programming
or ground conditions have in any case prevented this from being
used after the tirst scheme.

The most vulnerable instruments have, as expected. proved to
be the contact stress cells. These contain at their heart a
transducer with relatively slender strain-gauged webs; they are
liable to damage by overloading and to strain gauge failure if any
moisture gets in. Gauge readings have been lost on one or two
cccasions, and one complete cell was crushed in scheme three.
On this same scheme some of the other stress and pore-
pressure cells were forced backinto the pipe walls. These events
appear to berelated to extremely high local stresses on the pipe;
yielding of the glue line bonding the cells in place may well have
saved them from more serious damage.

Progress
Minor contractual delays meart that the pilet drive was atout
three months late in starting, but this was immediately recouped
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because modifications to instruments were not necessary. The
lack of suitable sites then again put the programme four menths
behind, but some of this was regained by running scheme three
hard on the heels of scheme two. Completion of the final two
schemes this summer will leave the site programme about two
months late, aimost entirely controlled by the availability cf sites
To ailow adequate time for analysis and writing up of the ~vork,
the overall programme will be extended by two to three menths
Financially, the projectis running and should be completed within
budget; to date only trivial sums have been required from the
contingency sum.

CONCLUSIONS

A contractforinstrumenting and monitoring real pipe jacks under
actual field conditions to a degree never previously attempted is
now almost complete. Despite problems in obtaining suitable
sites onwhichto work, the projecthas been extremely successful
and a weaith of invaluable data has been obtained. Analysis of
the data should allow conclusions to be drawn which willimprove
understanding of the jacking process, the loading induced in
jacked pipes and the relations between jacking forces and
ground conditions.
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Costs £

Research assistant, including expenses 67,500

Oxford costs including overheads €9,000
(supervision, technician support, materials, reprographic,
and secretarial assistance)

Instrumentation and data logging 63,000

Contingency 20,000
TOTAL 219,500

Funds

Science and Engineering Research Council 44,500

Pipe Jacking Association 85,000

Water Authorities (Companies) S x 18,000 = 90,000
TOTAL 219,500

Table 1. Costs and Funding of research work.

i SCHEME 1 SCHEME 2 SCHEME 3 SCHEMZ 4 SCHEME S
Major Ground Tvpe Firm Clay Firm Clay { Sand/Gravel | Sand/Gravel | Firm Clay |
| variables to |
[ I !
s . ine Si 126 i 0 e} i
3 investigared Pipe Size 1260 1300 1800 1200 18C3C ‘
1 in
foin }
j research Pipe Joint Butt In Wall Butt In Wall Butt ;
i i
i
| Te bte k=pt Depth 5-Tm S-7m 5-7m 5-7m §-12m |
i as ; b !
| censistent Length <10Cm | <1G0m <100m <100m 100-250m
>3 . - . : N . . :
e Positicon of Pipe | pige Mid Pipe Mid
contract Test Pipe Ne .3 [ Mol l No.3
s=laction
g oW Lubrication e No ] No No
1 ail
| Packer Type Medium Dense MDE MOT MDT
| Fibreboard '
! (MDf)
i Excavation Hand Hand Hand Hand Machine
| Technique
1
i Pipe any Any Any Any Any
! manufacturing
| process
Overpurden Simple Simple Simple Simple Simple
Loading !
Monitoring Short T=2rn v Shere Shaort Term Short Term Long T=rnm
Periocc I Term

Tabie 2 1Ideal site requirements for research.
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ACTUAL SCHEMES

! 1 2 3 4 5

Date August 1990 January 1991 March 1991 July 1931 Sept 1991
! Locazion Bolton, Lancs Gateshead, Honor 0Oak, SE Chorley, Cheltenham
i Tyneside London Lancs

Client NW Water tlorthumbrian Thames Water NW Water Severn Tren:

2olton M.B.C Water Chorley D.C. jater
! Cheltenham BC
Consuelrans - -—= Binnie/Taylor Halcrcw -
Woodrew

E Contractor Laserbcre DCT Barhale Barhale Lilley
2 Pipe Supplier Buchan ARC Buchan Spun Spun Concrete
| Concrete
]l Pipe 1.D (mm) 1200 1330 1800 1500 1200

i Ground Type Stiff Glacial Weathered London Clay Dense Silty Loose Sand }
| Clay Mudstone ) Sand and Gravel
| Cover (m) 1.5 - 1.7 7 - 11 11 - 21 5 -7 4 - 7 ;
| Drive Length 65 110 * 80 160 350 !
{(m) |
Position of Pipe No.3 Pipe No.10 Pipe No.l15 Pipe No.15 85m from
Test Pipe front end
Lubrication No No No No/Yes Yes
Packer + MDF MDFE MDF MDE MDE
Excavation Hand Hand Hand Hand Slurry T.B.M.

Table 3. Details of actual schemes monitored.

3 No.3 dimensional
joint movement

LEAD PIPE

Notes: * Monitoring only for part of drive
+ MDF = Medium Density Fibreboard

THRUST RING

INSTRUMENTED PIPE

indicators
CR 4 No.200T
oY, jack load
cells
4 No.pere pressure | 3 No. joint
5 No.tube probes moverment
extensometers indicators

I No. ground convergence

indicator

12 No. Glotzl
pressure cells
incorporated into
packing material

4 No. contact stress
transducers

8 No. Glotzl cells
incorporated into
thrust ring

Figure 1. Schematic of instrumentaticn layout
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Figure 2. Flowchart indicating objectives of each instrument type.

3.7

1990

1991

1992

JFEMAMIJIASOND

JFMAMJJASONDJFMAM]

Planning & Design

Instrument Fabricavon

Insgument Calibration

Pt Conaract

Spevial Prpes

Moniloring
Addinonal Teus
Preliminary Anaiysie

Mudifications

1 b

Main Tegyg

Conuact Awsrd

Manufaciure &
nuruneniation of Pipes.

Moniwring

Additional Teus

Preliminary Analysis

ok

R 9

n E\—ﬁ
it

Detailed Analysis

Quanerly Reports

ThesivTinai Report

[ S———
ln ly e gn
—=

b4

Progamme: (] #--d

Acwal

Figure 3. Pipejack rescarch programme

__




INTERNATIONAL SOCIETY FOR
TRENCHLESS TECHNOLOGY

¥ e e} N .
fr- o = = ] Ce

S ﬂ 3

P e e o g Jub S 7 / ) Travs eT TRV
e @D e %
i i L R NO- 92 g

5wy WASHINGTON

CONFERENCE
PAPERS

TRENCHLESS BENEFITS
SOCIETY

-

L M '&-foy;{"v‘,f.!'}

5-8 April, 1992
Washington DC, USA

INTERNATIONAL SOCIETY FOR TRENCHLESS TECHNOLOGY

and

NORTH AMERICAN SOCIETY FOR TRENCHLESS TECHNOLOGY

express appreciation to the following Cooperating Organisations

Amercan Consulting Engineers Council Assoclated General Contractors of America
American Public Works Association National Association of Water Companies
Amerncan Underground Space Association National Society of Professional Engineers
American Water Works Association National Utility Contractors Assoclation

Water Environment Federation




PIPE END LOAD TRANSFER MECHANISMS DURING PIPE JACKING

P. NORRIS RESEARCH ASSISTANT  University of Oxtord, UK
G.W.E. MILLIGAN LECTURER University ot Oxford, UK

A series of five pipe jacks have been monitored during construction as
part of an ongoing research programme. In each case a heavily
instrumented pipe was incorporated into the pipe string, to allow
measurement of pipe joint stresses, pipe and joint compressions, and
contact stresses between pipe and ground. Total jacking loads and
movements of the pipe string were also measured and all results
correlated with a detailed site log, full tunnel alignment surveys, and
observed ground conditions.

Relations between pressure distributions at pipe joints and measured
tunnel alignments are presented. That small angular deviations
between successive pipes cause severe localisation of stresses on their
ends is clearly demonstrated. Control of line and level is poorest at
the start of a drive, while the tunnel surveys have shown that
misalignments remain essentially unchanged during continued jacking,
under a wide variety of conditions. The worst angular misalignments
therefore tend to coincide with the most heavily loaded pipes.

Since relative angular rather than absolute deviations control the load
transter mechanisms between pipes, which may lead to failures under
high jacking loads, uncritical adherence to specifications based on
absolute line and level may be counter-productive.

INTRODUCTION

This paper presents some of the results obtained from instrumentation and monitoring of a
series of pipe jacks. The work forms stage 2 of an ongoing programme of research at the
University of Oxford. Stage | involved testing of scale models of concrete jacking pipes
under laboratory conditions; full details of this work are given in Ripley (1989). The current
stage has involved incorporating an instrumented pipe into pipe jacked tunnels under
construction on five sites, to confirm under actual field conditions the findings from the
laboratory work and investigate aspects of performance which can only be studied realistically
at full scale.

The planning and implementation of the research programme, including the choice of sites.
problems encountered and progress made, are described by Milligan and Norris (1991):
generally, the project has been very successtul and vielded a vast quantity of valuable data.
Details of the instrumentation and data acquisition systems used are given in Norris and
Milligan (1991). However to understand properly the results presented here, it is necessary
to summarise briefly the nature ot the instrumentation and of the projects monitored.



The instrumentation system is shown in Figure . The instrumented pipe contains the

tollowing:-

3 contact stress cells to measure both radial and shear interface stresses between the pipe
and the ground;

(i) pore pressure cells, close to the stress cells;

i) joint movement indicators measuring movements across the joint at each end of the

pipe;
(iv)  joint pressure cells incorporated into the packer in the joint at each end of the pipe;
(v) extensometers fitted to the inner surface of the pipe to measure the compression of the

pipe under load.

On the first site, a ground convergence indicator was used in the lead pipe. In the jacking pit
the total jacking load was recorded by jack load cells, and the forward movement of the pipe
string by a displacement transducer. Readings trom the instruments were backed up by a
detailed log of all site activities, a regular (usually daily) survey of line and level of the full
length of the tunnel, and additional observation, sampling and testing of the ground conditions
to supplement site investigation data.

Details of the five schemes monitored are given in Table 1. Pipe internal diameters ranged
from 1200 to 1820mm, and both vertically cast and spun pipes were used. Ground conditions
included a wide range from highly plastic London clay to loose sand and gravel, with cover
depths from 1.5 to 21 metres. The first few schemes involved relatively short hand-excavated
drives, while the final scheme used a slurry tunnel boring machine; this drive was also
lubricated throughout, while scheme tour used lubrication only during the later stages and the
use of lubricants was avoided in the first three. The joint packing material in the instrumented
joints was standardised as medium density fibreboard, to correlate with the laboratory
experiments and assist interpretation of the joint pressure cell readings. The instrumented pipe
was located close behind the shield in the first scheme, and positioned progressively further
back in the pipe string in subsequent schemes.

This paper concentrates on the measured tunnel alignments, the pressure distributions in the
pipe joints, and the relations between them. Details of the instrumentation arrays at the rear
joint of the special pipes for schemes 1. 3 and 35 are illustrated in Figure 2. Data has been
selected from these schemes for the following reasons:-

() Bolton, scheme 1 - tunnel at shallow depth in a stable bore, ground contact only at the
base of the pipe, instrumented pipe near front end where face loading conditions
dominate;

(11) Honor Oak, scheme 3 - deep tunnel in highly plastic clay, large contact pressures

between pipe and ground:

(i11)  Cheltenham, scheme 5 - machine driven lubricated drive in sand and gravel below the
water table, relatively large deviations from line and level and some pipe damage
under jacking loads.

PIPELINE MISALIGNMENT ‘

Excavation at the face of a pipejack can deviate from the intended line and level. Constant
corrections to the measured deviations induce the pipe string to take a zig-zag course, known
as "wriggle" which results in deflections at the pipe joints. Specifications for pipe jacking
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normally require the contractor to maintain records of the position of the first pipe and the
associated installation jacking forees.

Throughout the current research regular surveys (usually daily) were carried out for the full
length of the tunnel. The resulting plots are presented in Figures 3, 4 and 5. For clarity only
three surveys are shown for each scheme. Schemes 1 and 3 would be considered well
controlled drives while scheme 5 significantly exceeded specification. Pipe damage caused
by localised crushing of the joint was experienced in a number of pipes at position A of
Figure 5. Examination of the change in position of pipes reveals that misalignment of the
pipelines did not significantly alter throughout construction and that directional control was
generally poorest at the start of each drive. This can have serious repercussions, particularly
on long drives, because the worst misalignments tend to coincide with the most heavily loaded
pipes. Care taken during the setting up of the thrust pit and in particular accurate and regular
monitoring during the early phases of a pipejack while personnel are familiarising themselves
with the ground conditions should reduce this effect.

The importance of directional control of a pipejack is illustrated in Figure 6. Specifications
often state +50mm as the allowable tolerances on line and level. However an example
presented by Hough (1986) shows how large deflections can become. Two 2.5m long pipes
can have a maximum deflection angle of 4.6° and yet still be within line and level tolerance.
Deflections of this magnitude considerably exceed the 1° angular deflection of the quality
assurance control tests of Table 6 of BS5911 Part 120 and would result in the pipe joint being
incapable of performing its required functions.

It is therefore clear that it is not sufficient to monitor only line and level if high axial loads
are being applied but to assess the three dimensional orientation of pipes to enable full
interpretation of misalignment angles. The three dimensional misalignment angle can readily
be determined from line and level surveys as demonstrated in Figure 7. Plots of the angular
misalignment derived from the line and level surveys for Schemes 1 and 3 are included in
Figures 3 and 4. In general the plots indicate that deflection angles are less than 0.25° on the
two drives. The apparent scatter in the values is a result of the sensitivity of the model to
errors in the measured differences between successive pipes;  these can result from
manufacturing tolerances on pipe diameters, shear displacements at joints or more importantly
because of the inherent difficulty of measuring small changes in line and level off a tunnel
faser beam.

The previous assessment of pipe deflection is generally only applicable to unloaded or
partially relaxed pipe lines since most surveys are carried out during break times. To obtain
an assessment of angular deflection when pipes are being jacked it is necessary to
automatically monitor the changes in joint gap. Results of changes in pipe alignment at the
rear instrumented joint are presented for schemes 1 and 3 in Figure 8. Values at the start and
end of each push are recorded. The value of beta, during a push, increases or decreases
dependent upon the pipeline misalignment. Pipes do not necessarily realign under load. It
is apparent that the variation in angular misalignment for scheme 1 is greater than for scheme
3. This would be expected because the instrumented joint in scheme 1 is close to the shield
and therefore not only influenced by variations in line and level but corrective action by the
miners. The position of maximum angular misalignment in scheme 3 shows excellent



agreement with the position of rapid change in line and level in Figure 5. It also clearly
demonstrates the advantage of gradual corrections to deviations which result in typical
misalignment angles of 0.1° for the remainder of the drive. The maximum misalignment
angles were 0.45° for scheme 1 and 0.37 for scheme 3; misalignment angles were generally
smaller than 0.2° in both schemes. Although the misalignment angles for the Cheltenham
scheme have not been presented it is worth noting that at the location of pipe damage an
angular deviation of 0.47° was recorded.

LOAD TRANSFER AT JOINTS

The field work allows correlation of measurements of joint gaps to deflection angles, load
distribution at joints and compression of the packing material. Examples of the results at a
selection of angular misalignments are presented in Figures 9 a-f. To explain the behaviour
of the various examples it is necessary to consider the characteristics of the packing material
used in the joints. Figure 10 presents the results of a series of uniaxial compression tests on
dry Medium Density Fibreboard (MDF) which has been used throughout the fieldwork. The
choice of packing material was based on the recommendations of Milligan and Ripley (1989).
Samples of 18mm thick MDF and the MDF/pressure cell composite have been subjected to
twenty cycles of applied stress at 10, 20, 30, 50, 30, 10 N/mm? intensities. The plots show
the responses on cycles 1, 5, 10 and 20. Examination of the results reveal several points of
interest: the packer is permanently deformed as soon as it is loaded and unloaded once; after
the first cycle the material illustrates little change in its stress/strain characteristics or
permanent deformation unless the stress magnitude is increased; subsequent cycling at
reduced stress levels exhibits a similar response to that at the maximum intensity. It is
therefore important, although generally impracticable, when modelling the stress distribution
in a joint to consider the previous stress history.

The plots of Figures Ya, e and f indicate good agreement between the measured stress
distributions and angular misalignments at the maximum values of angular deviation. This
is because the previous stress history of the packer has negligible affect when the packer is
undergoing maximum compression. Localisation of stress is clearly demonstrated even with
moderate detlection angles of 0.1°. At smaller misalignments, typically 0.025°, Figure 9b, the
relationship between angular measurement and stress distributions tends to break down
because the permanent compaction of the packer material results in redistribution of load.
From the analysis of joint gaps the maximum compression is expected to occur at 6° below
the left springing position. Inspection of the previous stress history of the joint, Figure 11,
and consideration of the stresses imposed by the thrust ring (not shown in the Figure), indicate
that the lower 5 pressure cells have registered large stresses prior to chainage 10.62m resulting
in the major part of the load being transferred through the top left hand quadrant. 1t will be
noted that the bottom pressure pad in scheme 3 indicates a larger compressive stress than
would be expected from the general distributions. This may be the result of spoil being
trapped in the bottom of the joint.

Figure 12 compares the applied stress and joint compression from a single cell with the
laboratory compression tests.  The field data indicates that the unloading stiffness ot the
precompressed material should be considered for pipe design. [t is suggested that an
appropriate value is the slope of the tangent to the unloading curve of the stress cycled
material at a stress level equivalent to the compressive strength of the concrete.



CONCLUSIONS

The transter of load through pipe joints is dominated by eftects of angular misalignments
between successive pipes. These misalignments occur due to variations from exact line and
level; once they have occurred they appear to change little either due to application of jacking
load or the passage of subsequent pipes. Thus once a critical misalignment is established, all
pipe joints passing that chainage will be affected by it. Control of line and level is often
poorest at the start of a drive; this is also a location at which maximum pipe loads will occur
later in the drive, giving rise to severe pipe loading conditions.

The general pattern of stress distribution in the joint matches that suggested by Milligan and
Ripley (1989). Detailed comparisons are difficult to make because the compression of the
packer is influenced by its stress history throughout a drive, which may be very complex. As
a result, stress concentration may occur in the joints even when angular misalignments are
small. The field data shows that behaviour tends to that of precompressed material, and that
for pipe design an appropriate stiftness value should be used.

The field data also shows that angular misalignments of 0.25° are typical in well-constructed
pipejacks, and that 0.5° is not uncommon. By such an angle the localisation of end stresses
is already severe, and will usually dominate the structural design of the pipe. Further
improvements in packing material and perhaps joint design will be needed if large pipe end
loads are to be transmitted safely through such angles.
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1 2 3 4 S
Date August 1900 January 1991 March 1991 July 1991 September 1991
Location Bolion, Lancs Gateshead, Tyneside Henor Cak, SE London Chorley, Lancs Cheltenham
Clieat NW Water Nerthumbran Water Thames Water NW Water Severn Treat B
Belton MB.C Charley D C. Water Chelteaham BC
Consultant - - Binnie/Taylor Woodrow Halcrow
Contractor Laserbore DCT Barhaie Barhale Lilley
Pipe Supplier Buchan ARC Buchan Spun Concrete Spun Concrete
Pipe 1.D (mm) 1200 1350 1800 1500 1200
Ground Type Stiff Glacial Clay | Weathered Mudstone | London Clay Dense Silty Sand Loose Sand & Gravel
Cover (m)} 1.5-1.7 7-11 11 -2t 5-7 4.7
Drive Leogth (m) 65 110 30 160 350
Position of Test Pipe Pipe No.3 Pipe No.10 Pipe No.15 Pipe No.1$ 85m from front end.
Lubrication No No No No/Yes Yes
Packer MDF MDF MDF MDF MDF
Excavation Hand Hand Hand Hand Sturry T.B.M.
Table 1 Details of the instrumented schemes.
THRUST RING

3No.3dimensional  NSTRUMENTED PIPE

joint movement

indicators

LEAD PIPE

/ | & Moipere pressure | 3No. joint
£ No.tube i probes mecvernent
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!
! No. ground convergence 12 No. Joint 4L Mo. contact stress

indrcater pressure cells transducers
incerperated into

packing mcterial

Figure 1 Schematic of instrument arrangement

jack load
cells
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Frictional resistance of jacked concrete pipes at full scale

Paul Norris & G.W.E. Milligan

Department of Engineering Science, University of Oxford, UK

ABSTRACT: For the past 6 years a programme of research on the pipe jacking technique has been
in progress at Oxford University to clarify how pipes interact with each other and the ground. This
paper is concerned with pipe-soil interface data obtained from the incorporation of an instrumented
pipe on five construction sites. The results show that large localised radial and frictional stresses can
be generated during jacking, which appear to be a function of pipeline misalignment.

1 INTRODUCTION

An 1mportant consideration for pipe jacking is
the amount of friction generated when the pipe is
pushed into the ground. This friction contributes
to the jacking resistance and is a major factor in
determining the required capacity of the main
thrust rams and whether intermediate jacking
stations will be required. The magnitude of the
pipe friction depends on the pipe size and
material, type of soil, its moisture content and
grading, depth of cover and the details of the
construction equipment and procedures
employed.  Factors such as the amount of
overcut by the shield, misalignment of the pipes,
excavation methods, duration of work stoppages,
and whether or not a bentonite injection system
is used will also affect the amount of friction.

This paper presents some of the results
obtained from instrumentation and monitoring of
pipejack tunnels under construction on five sites.
The instrumentation system is shown in Figure 1.
The instruments of particular significance to the
paper include:-

1. Contact stress cells which measure both
radial and shear interface stresses between the
pipe and the ground;

2. Pore pressure probes, close to the stress
cells;

3. Jack load cells attached to the rams in the
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jacking pit;

4. A displacement transducer to measure the
forward movement of the pipe string.

Details of the five schemes are given in Table
1, where it will be seen that the instrumented
pipe was located close behind the shield in the
first scheme, and positioned progressively further
back in the pipe string in subsequent schemes.
Data has been selected from schemes 1, 3 and 4
to investigate global and local friction values in
the various soil types and the effects of construc-
tion factors on their magnitude.

Ground conditions at these three sites are
summarised in Table 1.

2 TOTAL JACKING RESISTANCE

The provision of sufficient jacking capacity is
largely based on previous experience from
schemes in similar ground conditions. The total
jacking load depends upon both the force
required to push the shield into the excavation,
referred to as face resistance and the frictional
resistance along the pipe length, Table 2. The
face resistance varies between 6-9% of the total
jacking load for the two cohesive drives. The
high face resistance for scheme 2 is a result of
the shield trimming mudstone in the invert.
Scheme 4 provided an opportunity to deliberately



Table 1. Details of the instrumented schemes

1 2 3 4 5
Pipe i.d (mm) 1200 1350 1800 1500 1200
Cover (m) 1.5-1.7 7-11 11-21 5-7 4-7
Length (m) 65 110 80 160 350
Test Pipe No.3 No.10 No.15 No.15 85m
Lubrication No No No No/Yes Yes
Excavation Hand Hand Hand Hand Shurry TBM
Ground Type Stiff Glacial Clay | Weathered Mudstone | London Clay Dense Silty Sand | Loose Sand and
Gravel
Particle Size Dist. Not determined 36, 62, 2 15, 55, 30 Laminated sandy silt
( clay, silt, sand) 5, 10, 85 Silty sand
Soil density (Mg/m’) 2.1-23 Mudstone properties 2.0-2.1 1.7-1.9 Scheme not
- not available ] considered in
Index Tests w 12-15 24-29 17 Analysis this paper.
PL % 17 23-30 NP for
LL 22-29 67-80 22 LSS
Triaxial 5,  (kPa) 150-300 225-600
Insitu S“ (kPa) 130-260 Too Stiff N/,A
Consolidated 5 50 -
undrained 33 31
¢’ deg

1 No. ground corvergence

3 No. 3 dimensionc!
joint movement
indicators

indicator

INSTRUMENTED PIPE

extensometers

12N¢ Joint
pressure ceils
incorperated into
pccking meterict
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monitor the effects of changes in shield trimming
and hence face resistance. The large variation of
3% to 25% is a result of changing the extent of
excavation from outside the shield to 20mm or
so inside with extra trimming in the invert. The
frictional resistances are generally at the lower
end of the Craig limits in Table 2, which is prob-
ably a function of the competent nature of the
ground and the well controlled alignment of the
drives.

3 LOCAL INTERFACE STRESSES

Local contact stresses have been recorded using
contact stress cells and pore pressure probes
positioned at crown, invert and pipe axis. The
major contact stresses were mobilised at the
bottom of the pipes, Table 3, apart from scheme
3 through heavily overconsolidated London clay
in which lateral ground stresses up to 650kPa
were sufficient to damage the instruments on the
tunnel axis. A typical set of responses along the
bottom interface of scheme 4 are presented in
Figure 2. The plots clearly show that peak
values of radial, frictional and pore water pres-
sures are obtained over short lengths of the drive
with a lower overall average value for the total
length. The local peak skin friction values are
nearly two orders of magnitude larger than the
average friction values in Table 2. The radial
stresses exhibit peak values up to 300kPa over
short lengths of 1-2m.

4. GROUND RELATED FACTORS
4.1 Soil type

To establish whether there is a fundamental
ditference in interface behaviour between cohe-
sive and non cohesive soils plots of shear stress
against total and effective radial stress have been
produced for schemes 1 and 4. The data from
the bottom probes of both schemes are presented
in Figure 3. A number of salient features are
evident. Best line fits to the plots indicate only
small differences between the total and effective
stress behaviour. This suggests that a partially

drained state exists at the pipe-soil interface with



Table 2. Average face resistance and pipeline friction values

Measured face Measured average
resistance friction Craig (1983)
Scheme limits
kN % Total (kN/m) (kPa) (kPa)
1 Dry 120 9 7.2 1.5 5-18
Wet 29.8 6.2
2 950 43* 18.0 1.5 2-3
3 300 6-8 544 7.6 5-20
4 unlub 231 4.2
100-800 3-25 5-20
lub 9.4 1.7

* Value based on 40m monitored length. Total drive length 100m

Table 3. Maximum local interface stresses

Scheme Full Radial (kPa) Shear (kPa) Pore Pressure
overbur- (kPa)
den
(vh)

(kPa) Top axis bottom Top axis bottom Top axis bottom
1 37 5 10 550 S 10 250 -5 NI 400
2 242 NI NI 550 NI NI 160 NI NI 700
3 300 450 650 IF 150 150 IF IF 250 250
4 126 100 100 300 60 60 60 10 10 190

NI - No instrument IF - Instrument failure

Table 4. Predicted and measured coefficents of skin friction

Internal angle of friction ¢’ (deg) Predicted & (deg) Field
Scheme Peak Cntical Residual Ckin fric- Peak Critical Residual S

State tion coeff. state (deg)

1 33av 30 Bolton 253 0.68 224 20.4 17.2 19

(1979) (Lupini et al (Potyondy
1931) 1961)
4 47 Bolton 32 Bolton - 0.87 40.9 27.8 - 37.7
(1979) (1979)
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the concrete pipe acting as a local drainage path.
Both materials exhibit frictional responses with
coefficients of skin friction between the pipe and
soil of 19° for the glacial clay and 37.7° for the
dense silty sand. These values fall within the
range of typical peak, critical and residual fric-
tion angles in Table 4.

Given the degree of scatter of the field results,
there is some evidence to suggest that the
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repeated passage of pipes subjects the clay to
large shear displacements which reduces the
friction angle below the critical state value while
the silty sand material illustrates a post peak
response which has not reached the critical state.

During the later stages of scheme 1 the mois-
ture content of the soil was increased following
a period of heavy rain and temporary inundation
of the tunnel due to a fractured water main. As
a result, the measured angle of skin friction was
reduced to 13.5°; this is consistent with values of
skin friction between smooth concrete and cohe-
sive granular soils at varying moisture content
measured in laboratory tests by Potyondy (1961).
However the overall resistance to jacking
increased considerably (see Table 2) due to
larger radial effective stresses as the soil swelled,
closed the overbreak and made contact with the
pipe around its full perimeter.

4.2 Pipe self weight friction

Comparison of the pipeline self weight friction
with measured average frictional resistance is
presented in Table 5.

Reasonable agreement is obtained for schemes 1,
2 and 4 which are through relatively stable bores.
The larger recorded values are possibly a func-
tion of limited ground closure onto the pipe and
the effects of pipeline misalignment. A greater
understanding of the imposed radial loading from
the highly plastic overconsolidated clay is
required to obtain closer agreement for scheme 3.

5. CONSTRUCTION RELATED FACTORS
5.1 Misalignment

Comparison of tunnel alignment data and local
interface stress profiles, Figure 2, illustrates
reasonable agreement between the positions of
peak stress values and maximum angular devi-
ation (f). The relationship is reproduced in
Figure 4 as a scatter plot. Although there is
considerable variation in the relationship, larger
stresses generally occur at larger angular devi-
ations. The scatter is probably a function of the
precise profile of the ground in relation to the
locus of pipe movement, the necessary ground



Table 5 Pipe self weight friction

Scheme | Field Av friction
skin fric- | Wtan é (kN/m)
tion § (kN/m)

1 19° 6.1 7.2 wet
29.8 dry

2 16° 6.6 8

3 14° 8.8 54.4

4 37.7° 18.7 23.1 unlub
94 lub

support varying along the pipe length.

5.2 Time factor

Increases in pipejacking forces in clay soils
following a lapse in jacking are routinely
recorded. The effect was evident in the jacking
records for the low plasticity drive of scheme 1
although a more dramatic effect was observed in
the high plasticity London Clay of scheme 3
which forms the basis for discussion. The
jacking record for a short section of the drive
and the associated total radial stresses acting on
the pipe at the start and end of each stoppage are
presented in Figure 5. The rapid and repeatable
increase in restart jacking forces is a pronounced
feature. It has previously been suggested that the
time factor allows consolidation of the ground to
take place around the pipe increasing the radial
pressure and hence the related frictional resis-
tance. The total radial stress plot however
indicates reductions during the rest periods which
are not a function of changes in jack ram loading
during the stoppage. Unfortunately there is no
reliable pore pressure data from the drive to
establish whether the reduction is a result of
large pore pressure dissipation.

The occurrence of large restart forces after
short pauses have been observed during labora-
tory controlled shear interface tests between steel
and London clay, Tika (1989).

The tests were conducted under constant applied
normal stresses and subject to fast rates of
shearing of 110mm/min and 1100mm/min. The
responses are included as Figure 6 and highlight
a peak resistance which drops rapidly to a mini-
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mum value with fast displacement; the magni-
tude of frictional resistance increasing with
increasing rate of shear. Typical jacking rates
fall between these two values, scheme 3 was
335mm/min (2 rams) and 185mm/min (4 rams).
Tika suggests that the fast rate of shearing may
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change the basic shearing mechanism of the soil
from pure sliding to sliding with some turbulence
of the platy clay particles combined with a
possible transient (viscous) effect. It will be
noted that although the global response of the
pipejack of scheme 3 seems to match the labora-
tory trends, the shear mechanism may be further
complicated by both the radial and shear stresses
varying during pushes.
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The data from all the stoppages have been
compiled in Figure 7. Although there is some
variation which is probably a function of chang-
ing face resistance, the general trend fits the
relationship:

6_:= 0.259+0.0581n(1)

and demonstrates that a major part of the
increase occurs within minutes of stopping.

5.3 Lubrication

Use of lubricants was avoided in the first three
drives, introduced during the later stages of
scheme 4 and used throughout the machine drive
of scheme 5. The effectiveness of lubrication is
dependent upon many factors, including minor
changes in ground conditions and correct selec-
tion of equipment and procedures for the injec-
tion system. Figure 8 provides some indication
of the local variability of its effectiveness. The
data is taken from scheme 4 over a section of
tunnel through silty sand which varied in silt
content from 70% down to 15%. At the time of
monitoring it was unlikely that the full annulus
around the pipe was filled with lubricant. Line
B and C correspond to areas with a high silt
content while line A corresponds to the coarser
grained material. The apparent coefficient of
skin friction given by line C is one third of that
given by line A (which is similar to the
unlubricated value). Closer scrutiny of the site
log of activities reveals that the difference in B
and C is probably because injection had taken
place overnight in the area of the instrumented
pipe prior to the pushes along line C whereas B
was recorded later in the shift when lubrication
was being concentrated in a different section of
the drive. These observations suggest that an
insufficient quantity of lubricant was introduced
into the drive causing localisation of its effective-
ness. Inspection of the ground surrounding the
instrumented pipe upon removal of the contact
stress cells confirmed that the annulus was not
completely filled although a layer of soil-
lubricant mixture, typically 10mm thick, had
formed adjacent to the pipe over the bottom half
of the pipe



In contrast data from scheme 5 suggests that
the lubricant around the pipe annulus was
pressurised, supporting the surrounding ground
and causing pipeline buoyancy and low interface
frictional stresses.

6. CONCLUSIONS

The field data clearly demonstrates that large
localised radial, shear and pore pressures can be
generated during jacking. Peak values typically
occur over short 1m to 2m lengths and generally
correspond to positions of maximum angular
misalignment.  Critical pressure distributions,
which are highly non symmetrical around the
pipe circumference, interact with non-uniform
pipe end load transfer, Norris & Milligan (1992),
requiring consideration in the pipe design pro-
cess.

A partially drained frictional material response
is exhibited at the pipe interface in both cohesive
and non-cohesive ground. There is limited
evidence that the material within the rupture zone
approaches a critical state condition. Use of
peak friction angles from drained shear box tests
should provide conservative estimates of the
appropriate coefficients of friction. The main
area of uncertainty remains the prediction of
imposed radial loading during jacking. Further
field measurements are required to establish the
suitability of using Marston trench loading
conditions which are the basis of UK design.

If stoppages occur in cohesive ground then a
greater force is needed to restart the process than
would have been required to maintain continuity.
The "time factor” effect is pronounced in the
high plasticity clay and may be a function of
jacking speed rather than increases in the radial
ground pressure during the stoppage.

Lubrication is an effective method of reducing
frictional resistance but care is needed in match-
ing lubricant properties to existing ground condi-
tions, providing sufficient pumping capacity and
adopting suitable injection sequences.
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SUMMARY

The Oxtord pipe jacking research project has now been in progress for over seven years, supported by
a mixture of government and industrial funding. Two stages have been completed, tnvolving laboratory
studies followed by monitoring of five full scale pipe jacks on active sites in a variety of ground conditions.
Somae typical results from the field monitoring are presented, pertaining to pipeline alignment, tunnei
stability, pipe/soil interface behaviour, total jacking forces, pipe stresses and ground movements. The full
results have been reported to the sponsoring organisations and will be incorporated into a new code of
practice for pipe jacking. Research is now in progress on two further stages, one continuing the field
monitoring, the other using numerical modeiling of pipe joints to evaiuate possible improved pipe joint

details.

INTRODUCTION

The research project in pipe jacking at Oxford University has
now been in progress for over seven years. [t originally grew
out of animitiative by the Pipe Jacking Association (PJA) and
the Construction industry Research and Information Association
(CIRIA), and the overall objectives tollow the recommendations
In the report by Craig {1):-

la} prediction of friction loads in difterent ground conditions;

(b} load/deflection characternstics of the joints with different
packing materials:

lc) the effect of cyclic loading on the pipes at intermediate
Jacking stations;

(d) the effect of lubricants in reducing friction aiong a pipe;

(e} the devalopmentof asite investigation test suitable for the
pradiction of frictional forces.

The measurement and prediction of ground movements

associated with pipe jacking has been added to this list of

objectivas.

Phase 1 of the project, from 1986 to 1389, involvediaboratory
testing of model concrete pipes and joint packing materials,
with Kevin Ripley as Research Assistant (2). Phase 2, from
1389 10 1992, involved the monitoring of full-scale pipe jacks
on five active sites, with Paul Norris as Research Assistant.
Phase 3 startedin November 1992, and Phase 4in May 1993:
the former continues the site monitoring, while the latter
somonses finite slemeant analysis and improved design of pipe
10ints. Research Assistants are Mark Marshall and Jian-Qing
Zhourespectively. The whoie projectis supervised by the first
author, with the assistance of 8 management committee
drawn from the various sponsoring organisations.

An overview of the procedures and progress of Phase 2 was
grven at the Firstinternational Conference on Pipe Jacking and
Microtunnelling (3); detaiis of the instrumentation used (4},
and preliminary resuits of the monitoring (5,6}, have been
presented at other specialist conferences. Further details of
theinstrumentation and complete details of the site monitoring
work are available in a report and thesis by Norris (7 .8}, The
purpose of this paperis to give an indication of the quality and
extent of the results of Stage 2, and to expiain the purpose of
Stages 3 and 4. The main practical iessons of Stages 1 and
2 have been encapsulated in a summary report tor the
sponsonng orgamsatons, and will te incorporated ints the
~ew Coadeof Practice (3) and other Jocuments to be produced
Dy the PUA,

RESULTS OF RESEARCH - STAGE 2

Funding and Progress

The total budget for Phase 2 was approximately £220,000,
divided between the Science and Engineenng Research Council
(SERC), the PJA, and five water utiiity companies -
Northumbrian, North-West, Severn-Trent, Thames and
Yorkshire. Additional costs amounting to about £15000 per
site weare borne mainty by the water companies. Work was
completed within budget, even though the original three-year
programme was extended by six months due to delays in
obtaining suitable sites and to allow fuller analysis of the large
quantity of data coliected. Details of the five sites monitored
are given in Table 1, and a schematic of the instrumentation
empioyedinFigure 1. Atthe end of the monitoring phase most
of the instruments were stiil in good working order and will be
usedin Stage 3. Overall the project was remarkably successful
in obtaining good data from a difficult working environment,
and represents an outstanding example of co-operation
between academia, clients, designers, contractors and pipe
suppliers tor the common benefit of the industry.

Pipeiine Alignment

in all pipe jacks small angular deviations occur between pipes
as a result of the tunnelling machine or shield veering off line,
for a variety of reasons, and the steering corrections made to
maintain correct line and level. These angular deviations have
two major effects; they tend to increase the local contact
stresses between pDipes and the ground and cause serious
stress concentrations at the joints betweean pipes. The former
increases the overall jacking load and the latter reduces the
abiity of the pipe 10ints to transmut the jacking force without
damage to the pipes. Normal specifications giving allowatle
dewviations from line and level are an indirect and ineffectuve
way of attempting to control the angular misalignments
between successive pipes.

Pipe jointangies were measured indirectly from tunnelline and
level surveys, and more accurateiy and directly by the pipe
Jjoint moverment indicators. A typical set of data s shown In
Figure 2. From the five sites 1t was found that typical j0int
angles on well-controlled drives were generally less than
0.3°, but occasionally reached C.5°, and as much as C.8°
when steenng correcthons were over-raoid. The correfation
betweenlocal contact stresses and pipeiine ahgnment s aiso
apparent :in thes figure.

Tre site momtoring showed up a tendency for alignmer:
control to be poorest at the start of dnves. Successive tunne!



surveys and joint angle measurements aiso showad that the
pipehne aignment did not improve as jacking conunued, nor
Z1d the joint angies change significantly between the loaded
and unioaded conditions. Thus imtial misaignments persisted
and those at the start of adrive later coincided with the pipes
sarrying the greatest jacking force.

Spejacking contractors’ experience suggasts that in some
ITanticns, particisariyin scft soiis, seme straightering of the
cipeline mayv occur as jacking proceeds; it1s hoped to maonitor
adrivein such condiions in the current stage of the research.

Tunne! Stability

The tendency of the tunnel face or bore to coilapse In
cohasionless or soft cohesive scils can be assessed by
astablished soil mechanics calcuiations (10). On three of the
monitored dnves. through stff clays or soft rock, the tunnei
was basically self-stabie, while the fourth through siity sand
above the water table was stable in the short tarm due to
capillary suctions. In such cases the pipes wiil mainiy be
sliding aiong the base of the tunnel bore, with the isast
resistance to jacking, except whers contact betwseen pipes
and ground occurs due to tunnei alignment as discussed
above. Contact strasses were then measured mainiy at the
base of the pipe.

On scheme 3, aithough the tunnel bore was theoratically
stable, the ground ciosed onto the pipe due to the slastic reitef
of the high stresses in the haawvily overconsolidated London
clay. Simple elastic analyses (11) confirm that the inward
movement of the tunnel walls would be sufficient to close the
inital overbreak from the shield. Unfortunately oniy a few
cantact stress measurements were obtained before the stress
cells were damaged or displaced by the unexpectedly high
pressures. it1s hoped to monitor a similar scheme in Stage 3
with instrumentation of greater capacity. On scheme 5,
throughsand and gravel below the watertable, the tunneibore
was stabilised by the use of bentonite slurry under pressura.
Prior to the use of slurry, the ground coilapsed immediatery
onto the pips as sxpected.

Pipe/soil Interface Behaviour

The contact stress cslls incorporated into the pipe walls are
able to measure both the radial {normal} and shear stress at
the interface between the pipe and the ground. Vaiues of the
intarface friction or adhesion are tharefore obtained directly.
It was found that radial stresses varned very widely, no doubt
due to theirregular contactbetween pipe and ground, but that
surprisingly clearrelations between normal and shear stresses
wera obtained; results from schemes 2 and 4 are shown for
axampie n Figure 3. These plots are in terms of total stresses;
plots in terms of effective stresses, using the pore pressures
measured adjacent to the stress cells, showed greatar scatter
but littie difference in the overali reiations between shear and
~crmalstresses, avenin high-plastucity ciay. The pore pressures
may not be reliapble, partly because of the difficuity of
measurtng pore pressures when contact with the soil Is
ntarmittent and the soil surface may be unsaturated, and
parlly bacause the pore pressure and siress measurements
were not made at precisaiy the same place. The latter will be
ractified in Stage 3.

For the first four sites the basic shear stress/total normal
stress reiation could be Interpreted as being frictional in
nature, with the friction angies as given in Tabie 2. in two
cases the bahaviour seemed to be tending more towards
undrained adhesion: in scheme 1 when the stiff giacral clay
was wetted by heavy rain and a burst water main; and in
scheme 3 in London clay when the radial stresses became
large. This possible change in mechamsm in softer clavs or at
nigher normal stresses will be investigated furtherin Srage 3.

Sigure 3 also snows tne effests of the lubnication used in the
aterstages of scheme 4. Ahentrasniyinjected it consigerably

o

to

reduced the interface friction angie (ine C}; however after a
short time the effect was greatly reduced (line B), and
evantually disappeared altogether, so that the behaviour (line
A) was no different from that prior to lubrication, On scheme
5, tull lubrication was adopted - the overbreak annuius was
kept compietely full of siurry under sufficient pressure to
stabilise the tunnel bore. The pipeline then bacame buoyant
~1thin the slurry, and a tayer of lubncant was maintained at
yltmes betweenpipe and soil. The contact stresses betwvean
soil and ground were negiitgibie, the stress and pore pressure
ceils both recorded the siurry pressure, and the surface shear
stresses were very small.

Total Jacking Forces

A typicai jacking force record, as measured by the ioad cells
on the main jack rams, is shown in Figure 4. The intercept at
zero length of drnive represants the face resistance at the
shield, while the gradient of the line obviously gives an
average measure of the fricional resistance along the pipeline.
Face loads were found to vary between 100 and 1200kN,
being large for the siurry tunneiling machine and when the
shield was used to trim the excavation in strong cohesive
soils, but small in stable cohesive soils when the face was
excavated to the full diameter of the shieid.

The interpreted average frictional stresses were generally
near or below the lower end of the typical ranges quoted by
Craig (1), probably reflecting the good directional control on
the monitored sites. Howaver it is somewhat misleading to
talk interms of average stresses around the pipes whenin fact
they are only in contact with the ground at the base of the
tunnel bore. In such cases it was found that the jacking
resistance could be calculated approximately from the
selfweight of the pipes and the friction angles givenin Table
2. adding about 25% for the effacts of typical misalignments.

In the cohesioniess soil of scheme 5, before the use of
bentonite lubrication, the jacking resistance couid be calcuiated
by assuming that contact stresses around the pipes
corresponded to Terzaghi’'s “trench”™ analysis {(12). Once
lubrication was in use, the jacking resistance dropped by a
factor of 10 to a mean shear stress over the surface area of
the pipes of 2.2 kN;m?

Pipe Stresses

The joint angle measurements coupied with the joint pressure
cell measurements allowed the load-paths through the
instrumented pipe to be determined. Thesa were found to vary
from being along one edge of the pipe to aimost “diagonal”,
that is from top to bottom or one side to the other over the
length of the pipe. However the latter generaily occurred at
points of contrafiexure in the pipeline (see Figure Sa, pipe No.
2) and coincided wtth reiatively small misaiignment angies at
the joints. The former occurred at the apex of curves in tha
pipeline (Figure Sb, pipe No.3), and could coincide with
relatively large joint angles (Figure 2!,

No sign of cracking was obsarved in the pipe barreis in any cf
the monitored schemes; this was confirmed by the stramns
measured by the tube extensometaers, which wers always
within the eiastic range for the concrete. Pipe barreis could
therefore be designed simply as elastic stocky columns for the
full range of possibie load paths.

In contrast, the joint instruments confirmed that contact
stresses at the joints were highiy concentrated for joint angies
as small as 0.3°%(see Figure 6. The Australtan Concrete Pipe
Association’'s design approach was found to give reasonabie
pradictions of joint stress distnbutions, provided an appropnat=2
value was used for the stiffness of the packingmaternal. Using
thts approach it s possible 1o estabiish design curves giving
allowable jacking loads on pioes for different maximum ic.m
angies with ditferent packing matenal types, widths rg
thicknesses (see Figure 7 for example). Note that even .f 3



relatively high local stress s allowed in the concrate the totai
jacking load 1s severely curtaied at a joint angle of 0.5°, and
that considerable benefits are obtained by using thicker and
softer packing. In scheme S the contractor’s pipes, fitted witn
ptywood packers, suftered some damage at points of sharr
curvature and large jackingioads, while the instrumented pipe
negotiated the same conditions withoutaamage, having n2-n
rrad wetn fibreboard packers.

Ground Movements

Surface settlements were maasured on scheme 1, and ware
vary small despite the low cover depth. An instrument array
of three inclinomater tubes with magnetic settiement piates
was used tn scheme S to detect both lateral and verucal
ground movements. The passage of the pressurised tunneiling
machine caused upward movements of up to 7mm in the
medium dense to loose gravelly sand above the face, with
negitgible movemaeants at the surface. Subsequent settiements
on the tunnel centreline were about 10 to 15mm and were
shghtly greater than predicted by the empincal methods n
common use (13} if the ground loss was taken tc be egual to
the overbreaak volume. This seemed to be due to a general
settiement of some 4mm over quite a wide area, possibly
caused by soil densification due to the machine vibrations.

FURTHER RESEARCH - STAGES 3 AND 4

Stage 3 - Site Monitoring

Stage 3 of the research work is a continuation of the site
monitornng, but with a somewhat different emphasis from
Stage 2. The structurai performance of pipes and pipe joints
1s now reasonably well understood, but considerable
uncertainties still exist over the contact stresses between
pipes and soil in some ground conditions, the affects of
pipeline misalignments on these stresses, and hence the best
methods of calculating expected jacking loads. The
instrumented pipe will be fitted with up to 12 contact stress
cells with pore pressure probes in the cell face, so that much
more information can be obtained on the strass distributions
along and around the pipe. Pipe joint instrumentation will
probabiy be restricted to the joint at one and of the pipe, but
measurements may also be made at the thrust ring and at an
interjack station to determine the pipe end stresses in these
situations, which may be onerous.

More measurements wiill aiso be made of the ground
movements in different ground conditions. Electro-leveis will
probably be used, in addition to inclinometers and settlement
plates, as they can give continuous readings during the
passage of the tunneling machine or shield. The precise
schemes for ground and pipe instrumentation are being
finalised, and suitable sites sought, with the intention of
restarting site work towards the end of the year. Particuiar
emphasis 1s placed on obtaining a site in Londen or similar
clay, as only hrmited data was obtained from such conditions
in Stage 2. and n soft clay, as no sucn scheme has bean
moritored to date.

Stage 4 -Pipe Joint Design

Thne work to date, and many years cf practical experience,
have shown that the pipe joints are the weakest point in the
system for the transmission of the jacking loads along the pipe
line. The steei-banded joint, now commoniy used whenever
significant jacking loads are expected, is undoubtedly better
than the 1n-wall joint, while correct use of good packing
material of adequate thickness also increases the joint load
capacity. However there 1s every possibility that quite minor
changes tojoint geometry, use of more sophisticated packing
material, modified reinforcement arrangements or locaiised
prestressing at the joint ceculd significantly enhance joint load
capacity. Experimental svaluation cof ail such possibiities
would be very expensive and time-consuming; "he approach
in5tage d will theraetfore ne ro modeitne joint numencaily using
fintte elements and then use the numencal model to try out
vanations in joint design. The most promising modifications
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will then be constructed and tested, firstin a simplified form
in the laboratory and then under fieid conditions.

CONCLUSIONS

Some seven years of research work onpipe jacking, inveiving
both laboratory testing and field monttoring at full scaie on
active construction sites, has produced much vaiuaple
:nformavon. This includes the measurement of pipe hine
allgnments and resulting joint misailgnment angles; pipe ‘scil
interface behawviour; the effectiveness of siurry for tunnel
stabilisatton and pipe lubrication; total jacking forces in
various ground conditions; pipe stresses, packing matenaj
behaviour and joint stresses in musaitgned pipe joints; and
ground movements associated with pipe jacking. In some
cases theresults have provided scientific backing to previousiy
empirical knowledge, in others they have given rise to serious
debate within the industry. In addition to the purely technical
advances made, the research has provided a vaiuable forum
forco-operationbetweenciient and contracting organtsations,
has heiped to reise the level of technical awareness in the
industry, and sumulated the interest of designers in pipe
jacking as a means of constructing tunneis both small and
large. The continued backing of SERC, the PJA and the five
water compantes is allowing two further stages of work to
proceed, to expand the database of results from field monitoring
and toinvestigate possible improvements in pipe joint design.
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{ : ] i
‘ Dalc ‘ August \ January 1991 ] March 1991 l July 1991 December ‘
;f L1990 1 .‘ 1991 i
| ; i
: Location i Boiton, Gaiteslicad, 4 Honor Qak, Chorley, I Clcltenbam, :
: I Lancs Tyneside I SE London I lnes 1 Glos };
i X i k!
i Client CONW Water l Nornbumbran l Thames Water | NW Water | Scvern Trent :
! i Bolton I Water { Walcr :
l M.B.C [ : Chorley Clicltenham
| ! i DC BC
| w i
‘ Consuhant P [ Binnic/Taylor | Halcrow
i ' | Woodrow
i \
i Contractor Laserbore | DCT Barbaic Barbale Lilley
| Pipe Supplicr Buchan ‘i ARC ‘ Buchan Spun Spun Concrete
’ i : Concrete
| Pipe LD (mm) L1200 L1350 | 1800 1500 1200
i : ‘
|| Ground Type v Sufrl Weathered - London Clay Densc Loosc Sand &
| Gilacial Mudstonc i Silty Sand Gravel !
1 Clay ‘ !
| X
|| Cover{m) Pi3-15 711 Poll- 21 7-10 4.7
} R : i
i Drive Length L 60 Lo " 78 158 !r 384 |
(n) : ‘ ‘
i i
. . N
l Position of Test ! Pipe No3 Pipe No.10 Pipc No.15 Pipe © B5m [{rom !
i1 Pipe : V No.16 i (ront end. ,
i : i ) ] i
| Lubrication | No ' No " No No/Yes | Yes |
? ‘ ‘ ; !
| Packer + | MDF | MDF " MDF MDF ! MDF ;
i| Excavation © Haud i Hand Hand Hand | Sturry TBM.

. I
I

Notes: * dMonttoring enly {or part of drive

+ MDF = Medium Density Fibrebeard

Table 1 Details of schemes monitored

Scheme No. Soil type

Friction angle (%)

1 Giacial clav 19

l! 2 Mudstone 17 i

i
] 3 ‘ London clax 2.7 y
y ;
i 4 Siitv saad 33 i
! ‘ ‘ _ ‘ N Y
: 4 Sandy 5:it | 30 |

Table 2 Measured

1o

local interface friction angles
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Figure 6 Joint pressure distributions for difTerent
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| PIPE SIZE
® 1200 mm i D
° 1470 mm 10
a 1800 mm 1 D
I x S0tymm2

PACKING MATERIAL

I Tvpe
—~ t2mm MDF
— 18@mm MOF
100mm wide

PIPE SIZE
a 1200 mmiD
' o 1470 mm I T
i 4 B0 mmI D
I s SONmmS
PACKING MATERIAL
© reoc
—- 1Zmm P CT
— 18mm PUYACCC
100mm wige

' ED 3 TOCHLmm?
I

8E7a Tej

Permissible pipe end loading

at various angular misalicnments:

- 100mm wide medium density fibreboard tupper
- 100mm wide exterior grade plywood tlower:

2.7



Practical
examinations

A decade’s research at Oxtord
L'niversit_v on pipe jacking
torms the core of a new best
practice guide. Dr George
Milligan talks to Ground
Engincering about the research
and 1ts main findings ‘

For over 10 vears Oxford University
has been carrying out research on
pipejacking, through an innovative
joint industry and public funded ;
project. The work forms the core of |
the recently published ‘Guide to best
practice for pipe jacking and micro
tunnelling’ and has provided
industry with what is proving to be
an invaluable assessment and
explanation of pipe stresses and
pipe-soil interaction.

The research was inittated by the UK
trade organised Pipe Jacking Associarion.
When the PJA appreached Oxtord’s
Department of Engineering Science,
Milligan confesses that neither he nor
the department’s proiessor, the Iatc Peter
Wroth, knowledge of

had much kne
pipeiacking: but this was a ume “when
the term trenchless technology had not
teen coined — o7 wus certainly netin
use, savs Ml
From the start the PJA was keen for
the work to be based around a 11\*
oroject. However Miliigan and his &
research assistant Kevin Riplev — an
inezer on secondment trom Delta {:hc:
sounz arm o tunnelling equirmen
nulacturer Decon whose chairman

a2 of the

igan

must Come Drst.
I dewed an niual three vear
pro)cc: Moddlmg 11 a 3D test chamber

roooperaton

13 \wrk co-spunsered by Ll"c
(‘x,mx:[: Pipe Assecianen, provided
U land immedia I

[

pivwocd as a pac
accommodate greater
deviations off hne before damage

'“mu could

I wener the work was not entirely

2T W

U ENGINFERING « DECEMBER « ei?

stul - boundary conditions and

sueces
2nd effects in the Luorutory model wers

08} \mdcrsfapd and the \\'or‘\'

For this second phuse, more muusuy
carmers became involved. In addition to
public funding through SERC {now
EPSR(,\ and the PJA, five water
horittes {this was before water

ndustry privatisation;, gave financial
rport, provided access 1o their sites
\Hcri pipejacking work was under wav,
and covered addiuenal site costs
resulting from the research.

“The project represented an
cutstanding example of research ce-
operation between clients and designers.
contractors and pipe suppliers,
research council and academia,’
savs Milligan.

In this iniual site-based stage.
Milligan and a new research
assistant Paul Norris {on loan trom
Motz MacDenald) menitered tull
scale erfects from five hive sites
berween April 1989 and Scptembcr t
1992, Specially instrumented pipes
vhere placed in the pipe string
roviding the performance of both the
ripe and ground in a variery of soil
conditions
Froma practicul view point, this work
Icurl“ why Wood alignment wus

(//

-

)

Forescard
— 18mm
-=12Tm
Plywocd
—18mm
— 12mm

3 02 04 05 08 10

Beta ({Ceg)

i pipe end loading ar variows angular
“Bera) for ditreren: packer
- Example given for 1.2mID pipe

s pucker.
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Drtrwomenged prpes The tires pressure ¢
cosi cleari,

example savs Milligan, the work
highlighted shortcomings in working to a
speciticaton based around hne and level
pertormance. “The kev factor - provided
Avdraulic considerations are satistled - is
rot the everall alignment, but the
Jeviation between one pipe and the next.
So it the drive starts to go off line it
should be brought back as gradually as
pussible. In a wav a lot of what was
found was commeon sense, but by getting
in and taking measurements we were
akle to put sensible numbers to it
contunues Milligan.

However, other aspects of the work
Jispeiled seme commoenly accepred
:ndusry pracuces. Most pipejacked
tunnels wiggle a bit in the first few

s. and tunnellers will have veu
‘e that this 1$ not a probiem. The
aignment they say, straightens out as
‘oads increase. From the Oxford resear

(9]

Toera i
avend The prossure o g

Vi d

Cand ds

CIIoe drive sugges

rprising. Cambridge stress
ucer pressure ceils. capable of
toth normal stress and shear
ush with the
¢ pipe wall, and load
he pipe wall, and load

Q
ceils placed on the acking rams, giving
b = ba— >

Hyosu

uriate record ol the rotal jacking

craciion was observed

jon Clav -

Lon

This s as ver not tully explained, and
hat mav at first appear (o De a simple
oocontrolied byosome tarly

Anintmarte

conract s not made bertween the pipe
and ground. During jacking the pipe
passes over an irregular cut surtace and
as the jacking load increases these
asperities are tlattened out.

There 1s evidence that at very high
normal stresses, something approaching
undrained behavieur occurs and phase
three of the research (currently under
way with Mark Marshall as research
assistant) includes a site in much sotter
clay which confirms undrained
behavicur as an upper bound to
behaviour.

Emphasis in the current phase is on
the geotechnical aspects of pipe jacking
and 1n particular ground movements.
The instrumented pipe is now equipped
with 12 stress cells to zet a better
understanding ot the distribution of
stresses, while the ground surrounding

the pipejacks is being menitored using an
0

array of mnstrumentation including
clinometers, spade cells and
electrolevels.
This work 1s focusing on identifving
and evaluatng the main factors which
arz moest likely o intluence seil-pipe
interaction. such as the amount of
overcut the space berween the
outstde dimensions cut art the race
and the diame
tpe and the u
lubrication.
For example it a drive 1s made
threugh stable ground with
sutficiens overcut the jacked
pipes wili oniv come nto
conact witn

the bottem of

ter of the pipe’, soi
se Or not of pipe

overbreak mayv not
stand intact, and the
zreund may
cressurise the pipe

around the whoele

1

cheowater

cular seis below

the excavation will not stand
cnsupported, and so benronite is often
cumped into the overbreak. In these
cases the pipe tends to tleat in an
annulus of bentenite and extremely low
contact stresses result. The down side of
using bentonite 1s that 1t 1s very dirficule
to then displace the bentoaite to allow
satisfactory grounng of the annulus. And
in heavily overconsclidated materials,
water in the bentonite slurry mav result
in rapid rehydration, expansion and
softening of clavev ground.

Pipe-soil interaction work is still in its
early stages, savs Milligan, and a current
shortage of pipejacking contracts is
making it difficult to find suitable sites to
progress this work. Milligan was hoping
to geraceess to a chalk site in Kent in
the new vear, but the contract mav be
put on hold, robbing for the

ume being the research
database.

[
tanie,




WT EQUIPMENT

PIPEJACKING
RESEARCH

1

f oo ST T
i N Cate

August
190

January 1991

July 1991 December

i

; ‘
March 1991 | i

! P 1091

! H

, |

H I

' Lecation Bolton, Gateshiead, tioner Oak, Chorley. Cheltenbam,
Lancs Tyneside + SE Louaden - Lancs Glos
Chizat NW Water  Nortbumbrian @ Thames Water ; NW Water | Severn Trent 1
Bolten Water i } Water i
M.B.C | Chorley , Cheltenham ‘[
! D.C. © BC i
g
Censuiuat .- © Bianie/Taylor | Halcrow l
i Woodrow i ’
Cantnictor Laserbore DCT Barbale Barbale . Liliey [
Pipe Supplier Buchan ARC i Bucban ! Spun 1‘ Spun Concrete ;
! ! Concrete ! I
— 1 .
Pipe 1D (mm) 1200 1350 1500 {1500 ;1200 |
Craund Tvpe Stiff Weathered London Clay @ Densc . Loose Sand &
: Glacial Mudsione ‘ Silty Sand | Gravel
‘ Clay ‘
| . : N
. Cover (m) 13-15 7-11 1-21 i 7-10 a7 !
1 Drive Legty 60 Lo * 78 L 158 EREX
o ' ' :
i | ; i ;
; Fositien of Test Pipe No3 Pipe Nu.12 Pipe No 13 i Pipc 85 o ‘
! Pipe ' " No.16 i [montend :
b Lubication No No No " NoYes Does
‘ _ ! R
CPanher s MDF MDF MDF MDF MD? I

Excavation

Hand

Hand

Hand

Hand

Netes: * Monitoring only for part of drive
+ MDFE = Medium Density Fibreboard
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Vipe Assi LT St

Do

wiaier atiliny companies - Northunbria
Westo Severp-Trent, 1)

additen o direet financial support. the warer
companies provided suitabie sites and carried
some of the additional site rosts resulting from
the research work. Suppoert in kind was also
srovided by pipe manufacruring companies
and contractors involved with individual pro-

ieers

LABORATORY MODEL
TESTS

The laboratory testing highiighted the
importance of the stress coneentrations that
occur at the joints between pipes while heing
jacked due to the small angular deviations
between successive pipes which inevitably arise
as a result f manufaeruring tolerances,

WORLD TUNNELLING

e\ g — e v .

Fig.1 ypical behariour of packing materiai.

ud fevel and even deiberaie
rurvature of the pipeline. Initial failures in pipes
nearfy alwiys appeared as local crushing or
spaliing of the joint: the fatter may not be
detectable in a finished pipeline as the spalling
will be on the nutside of the pipe. but may lead to
problems in the long rerm if pipe reinforcement
i exposed or joint sealing details disrupted. It is
therefire very impartant ro he able to design the
iont eorrectly,

These of packing material in the joinis was

hewn to e essential for any pipeline sustaim-

CHITECTS Lo e

mdsignifieant jaekins Seeess and subsiantial
ditferences in the effectiveness of different
commonly-used  materials demonstrated.
Medium density fibreboard is better than chip-
board which in turn is better than phwood or
<olid timber, and the thicker the material the
hetter. However even with packers the siress

concentrations can be severe and it was recom-
mended that maximum Jacking foads should be
refated to realistic local conerete stresses and
ioint misalignment angles rather than based on
ow eminal stresses over the full crossesee

<o gt must he

dhared of the pipe. Ind

eelited

xivd o puiterial

SITE MONITORING OF
CONSTRUCTION

The  site monitoring  wark
meorporating into active pipe jacks an
nstrumented  pipe which
measurement of joint misalignment angles,
Joint stress distributions, overal] londitudinal
pipe strains, and radial stresses, shear stresses
and pore pressures at the interface between
soil and pipe. Pipeline movement and total
Jacking forces were measured at the jacking
pit. and all measurements were related to site
activities, periodic survevs of line and level of
the full pipeline, face logs and soil sampling
and testing (Ficure 3). Five schemes in total
were monitored in this wav {Table 1)

involved

aitowed

SIGNIFICANCE OF
PIPELINE ALIGNMENT

The joint instrumentation validated at full scale
the results of the model tests, and provided
accurate information on the actual joint angles
achievable in practice on well-controlled drives,
The tunnel alignment was found in all cases 1o
follow closelv the path traced sut by the
runneliing shield. with negligibie rendency 1o
straizhten either under foad or with the
passage of suceessive pipes, Conventional line
and level measurements mayv ihen be
remterpreted to provide reasonable estimates
of the three-dimensional misalignment angles.
To allow safe rransmission of significant jacking
foads, the maximum jnint angles <hould not

et o [ Fapen Y Cvieeaonr
P Defler o fRpIure J6 [

exceed 103

specifications bused onivon mits 1o leviaiions
ram line and ol deonnd ensare thisand are
counter-proditerive (U ihey resalt inooverrapid
corrections and henee sarde Soint ansles. The
requirements for fne and level eould i mnst
vaes be relaxed to those roguired for hvdraulic
performance, for exampie, combined with
specification elauses linking ailowable jacking
loads to maximum joint angles. pipe joint
design, packing material characreristics, and
concrete <trength, These Joint angles must of

course nehude the effects of outofsquareness

of the pipes themselves, anid i1 <shouid be noted
ish ~standard imas
of allowndie “cherances could sheoreticasly dne
ot angles o nj '
tolerance at all tor pipeiine constriuction
Fortunately it was found that the UK
manufactured pipes used on the monitured
sites were well within tolerances and the
effects of end ~quareness were negligible.

at pipes made o the

AV prade Ty

October 1993
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I WT EQUIPMENT

8C00

? PIPE SIZE H
1 = 1200 mm 1.0 !1
E 2 1470 mm (.D. ‘[
;3 1800 mm 1D, i

T . {2 50N mm2
=z - —— 12mm MDF i |
Co 4 | —— 13mm MCF i
[S4 0L = |
i i 10Cmm wide .
! ; s P
2060 ‘; | ED = S50N/mm2 L
j
1060
|
0 -

0.0 0.2 Q.4

058 0.3 1.0

INDUCED PIPE LOADING

Pipe loadines ware gonerally most severs when

the pipe was loaded essentially along one edae.

with the areas of eoneentrated stress in the same

Location ar vact

end ol the pines Loading
conditions approaching diagonal toading, for
eamphe fon the top af the pipe ai one end 1o
the Bertom ar the ofherosers obsered, but anly

with relaively small jons angles ar poinrs of

sarre i the vnedne. Inall cases the
ionainedimal strains wirt

n harrei of the

~es cotild he cadeulated

pipe were small m'x'
Sonn simpee elistic *steeky eobimin” theony: ondy
Hemng 1'1 ‘undr'w it reboreement 15 needed in

S ceniral part m' reirioresd conerete pipes for

JACKING RESISTANCE
! “:’r“““ ‘\L \,\ o S che ‘.«.iipi; ;h;‘

Fig. 2. Typical reductions in allowable jacking
load with pipe joint angle.

tunnel faee on the shiekd o tunnelling machine
il the inregrated trictional resistanee abong the
Anereasing length of pipeiine. The faee
rosism e wil be relatvely hmh with a siurrmor
i pressure balanee tunnelline machine, or
b shield s uwl foorrim e excavation in
sdrives instrong sollss but may be ven

RRILICHE

ey i srable <olfs 17 the face §s slighty over-
excvared. Wirh runneiling machines exeessive
Woes pressyre may catse loeal heave above and
At of the machine in soft elavs or loose

aranalar soiis

frictional resisranes adong the pipe

povdon the charaeteristies of the il and

STl <Irosses Defween ;);:)w an sl

Sdependon the stabi

b tressesin the doo
She soil The pipe-sofl el

i

~iba hehavinnr s ahserved 1 he essential

v frictional in nature, even in cohesive soils,
althonsh the undrained strength provided an
wpper bound, The mvu\wmi local friction
andles varied from 12,7 in highly plastic over-
consolidared Lo nmwn Lh T SN in s sand.
with vitbues of 177 ro 207 in weathered mud-
<ere nd oeplasticoiny stacial of

e being jaked 1o

S Teostnding was o to be relared to the
<elfweisht of the pipes amd fenee quite fow,
Fesistamee was munch higher in the London
Gl despite the low friction angle, because the
around squeezed on o the pipe and combined
with stress inereases due to teering correc-
sions 1o produce exteenmely high local contact
<rresses. Pipe misalionmens generally causes
foreed against the side wall of
Cinereasing oeal contact stresses
ad henee t':'irtiunkll resistanece, The mecha-
pisix of this are complex and will be further
investigared in the next stage of the research
project now under way.

LUBRICATION

Bentonite shirries and various polvmer materials
wre often txed to lubricate the pipes to reduce

thy 7‘3V)n\ o he f

facking resistance, Monitering of ope pipeiine in
aravellv sand beneath the water table, driven
vith a sturry TBM and wirh full Tubricaton,
stowed eleardy that the pripasy {unetion of the
<urryinsuch asituation = o stabiise the inpet
hore and maintain an open overhreax, The pipes
then become buovant in the sharey and a
1

chricating fver ts mainrained around them.
with nealizible contaer siresses between pipe

ad ground: the lubricant is then fully efective
and resistnes fo Jacking very spaadl When saen,

Fig. 3. Schematic view of instrumentation for

site monitoring.
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N \W'T EQUIPMENT L e

was not used. the <ol collupsed onto the pipe
and the Coory inch dreater) resistance was weil

estimated i

L CONNACT Siresses hepaeen piie

el arannl determined wsing the

I riEnaly propose

SITE CONTROL

e e tesedarch work o dute, ae

s her

eree

weidlas rom maeh

ractical exper

DAL decnrate wnment of a pie jack

XomNNent [BRSAR

sk Even aite sma

SRS Betwern pipes aregils

e o acking gndd

cthe pipes toowithstaond

XN TR e o o

OIS oF - Ther o

Uhack

Aderrareund

SULSHY Mere mpertant to b
dne radul ro minimise pipe
R Do atTempt fo Keep i 1

teleranees on line

Speciilead

evel by rapld <teering

eetions. TS particalariv imporiant o

check adlanment carefully i the <t o8 the

CEOT VATTONN Peasans this is niten (he

Rardes<t part of the drive 1o control woll, sup
Soalso e point at which the foree in e
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TUNNELS OF SMALL DIAMETER USING THE PIPE JACKING TECHNIQUE
Dr George Milligan, Department of Engineering Science, University of Oxford, UK.
LINTRODUCTION

o

e lacamng s ene ol the techniques for nstaliing tnnels and underground pipelines. ducts
and - culverts. Forinternal diameters between about 1.0 and 3.0 metres it provides an
alternative to other methods of lining tunnels. such as segmental linings. or to the placing of
large pipes or culverts in open cut. Pipe jacking adapted to internal diameters too small for
man - entry, typically from 900mm down to about 250mm, is usually referred to as
microtunnelling and provides one of the trenchless technologies for installing pipelines without
excavation of open trenches.

The technique involves pushing pipes through the ground using hydraulic jacks from a thrust
PIt to a reception pit, with excavation taking place inside a shield at the front of the line of
pipes. Figure 1 shows a typical arrangement using hand excavation inside a simple shield. For
targer tunnels the excavation is usually done by machine; Figures 2(a). (b) and (c) respectively
show full-face tunnel boring machines, a cutter boom shield and a back-acter shield. In less
stable ground. slurry or earth pressure balance tunnel boring machines may be used. while
compressed air may be used to balance the ground water pressures. Microtunnelling svstems
are essentially miniaturised versions of pipe jacks using full-face tunnelling machines:
excavated spoil is usually brought back to the thrust pit cither by an auger system or by
shurry. Some machines for use in soils containing cobbles and small boulders incorporate a
crusher head to break down the large particles to a size which can be handled by the spoil
removal system. Microtunnelling systems are often packaged so that they can be transported
in a single standard container unit. which is sited close to or over the thrust pit and houses
the control panels for the machine operator.

Directional control is usually achieved at the shield using steering jacks within an articulated
tunnelling machine. or for simpler shields between the shield and the leading pipe. It is
possible 1o pipe jack along large-radius curves as well as in a straight line. Some
microtunnelling svstems establish the linc of drive using a directional drilling technique before
over-reaming the hole and jacking in the pipe line. Control of alignment is either by
conventional surveving techniques. or commonly now by using a laser to establish a reference
e With tunnelling and microtunnelling machines the laser usually shines on to a eraduated
target at the shield. giving immediate indication of errors in line and level: in a microtunnel
the target s typically viewed via closed-circuit television on a screen in the contrel cabin.

At the thrust pit the jacking force is usually provided by two or four hvdraulic rams. with
their hydraulic systems interconnected so that the forces in all jacks are alwavs equal. The ram
loads are distributed onto the end of the pipe being jacked through a substantial thrust rng.
Reaction to the ram loads is provided by a thrust wall at the back of the Jacking pit
transferring the loads into the ground: in poor ground conditions more complex Arrangements.,
for instance using piles. may be necessary. To keep the diameter of the thrust pit to
minimum. the jacking rig is sometimes set back into a short length of "hack-<hunt” wnnel.
Onee one pipe jack has been undertaken from a shattthe rig may be turned round o i
a tunnel in the opposite direction. using the pipe line already constructed to provide the
reaction,



Fhe pipes used in pipe jacking may be manutactured in various materials. including reinforced
or unreinforced concrete. steel, ductile iron, glass-reinforced plastic (grp). or vitrified clay.
For large diameters. reinforced concrete is commonly used, though special composite pipes.
aieh as of conerete with a grp lining. may be used in special circumstances. Standard pipes

o larze diameters are typically 2.3m long, but halt- or other shorter-length pipes may be used
Ciecking around curves (o minknise the ancular deviation at cach joiny) or when operating
Lot small-diameter thiust pits. The two tvpes of pipe joint used in the UK. are the rebated

s=wall pe and the butt joint with a steel or grp collar (see Figure 3): the latter is greatly o

be preferred when substantial jacking forces are expected. Both incorporate sealing rings and

should include compressible packing material to help distribute the jacking forces transmitted
through the joint,

Fhe maximum pipe length that can be jacked depends on many factors such as ground
conditions, size and strength of pipes, type of shield and available reaction. About 80m for
microtunnels and up to about 150m for large-diameter pipe jacks are commonly achieved.
Lengths can be greatly increased by the use of lubrication with bentonite or polymer slurry
materials. and by the incorporation of intermediate jacking stations (interjacks). These are steel
cvlinders containing a set of jacks which essentially create a telescopic joint within the
pipeline: the interjack rams are operated to push the pipeline in front it. and the main rams
then used to push the remaining pipe length and close up the interjack. By incorporation of
a number of interjacks. the theoretical drive length is infinite, but muck-removal becomes
mcreasingly less efficient as the pipe length increases, and economic lengths for machine
drives are commonly of the order of 300-400m.

This opening section has served as a brief introduction to the techniques of pipe jacking and
microtunnelling. Fuller details of methods and equipment may be found in a recent book by
Thomson (1993). whilst the UK Pipe Jacking Association will shortly issue a new "Guide (0
Best Practice” (Cole 1993). The techniques have a number of potential advantages over other
methods of installing pipes and small-diameter tunnels, particularly for the construction of
sewerage systems. ducts for other services. culverts and underpasses. Benefits may be listed
as:

- strong. rigid Hining installed immediatelyv after excavation

- completely enclosed operation possible for safe working in unstable or dangerous ground
- eround movements controlled

- hizh-quality internal tfinish without need for secondary lining

€
=

- 1 comparison with segmental linings. far fewer joints to allow potential leakage, safer
working conditions

- in comparison with trenching, greatly reduced surtace disruption, environmental disturbance.
mterference with other services. reinstatement costs ete.

tlowever the full benefits can only be obtained il the methods are used correctly. with
properly designed pipes installed using suitable machinery and with adequate control.
Acceptance of the methods by clients was initially inhibited by a number of problems
resulting in drives which failed 10 reach their destination. pipes which cracked during
mstallation. or alignments which fell outside specitied tolerances. Although improvements
were made gradually through experience. more rapid advance was prevented by lack of
understanding or information on many of the factors affecting installation. The remainder
this paper describes a major research project set up to investigate these factors, and presents
some of the results obtained to date from the research.



2. OXFORD PIPE JACKING RESEARCH PROJECT

Pipe jacking as a technigue was introduced in the USA about 100 vears ago, but its use w i
sporadic up until about the 1900750 Since then. quite rapid development has taken plac
suiehe i trermany and Japan, The method s now widely used in Japan and Western Furor
Poazam tinding mercasing recognition in the USAL and has been taken up in the Middle Ta -
and elsewhere. However improvements to increasingly sophisticated technology were not
matched by advances in basic understanding of many factors of pipe jacking. and designs
were essentially empirical and relied heavily on the experiences of contractors. in 1983,
Craig’s report for the UK's Construction Industry Research and Information Association
(CIRIA) reviewed the method and proposed a list of areas requiring research. This was taken
up by the Pipe Jacking Association and Concrete Pipe Association and research was initiated
at Oxford University. with overall objectives in line with Craig’s recommendations:-

(a) prediction of friction loads in different ground conditions:

(h) load/deflection characteristics of the joints with different packing materials;

(¢) the effects of cyclic loading on the pipes at intermediate jacking stations:

(d) the effect of lubricants in reducing friction along a pipe:

(¢) the development of a site investigation test suitable for the prediction of frictional forces.
The prediction of ground movements associated with pipe jacking has been added to this list.

The research is now in its fourth phase. Phase 1. from 1986 to 1989. involved laboratory
»stmw of model concrete pipes and of various joint packing materials. The crucial influence
ol the inevitable small angular misalignments between pipes on the localised stresses at the
pipe joints under axial loading. and the importance of the packing material in helping to
alleviate these stress concentrations, was clearly established (Milligan and Ripley, 1989).
Phase 2. from 1989 to 1992, involved the monitoring of full-scale pipe jacks on m active
sites: the nature of this work and some of the results obtained are discussed later in this paper.

Phase 3. started in 1992 is continuing the f{ield monitoring on five further sites. three of
which have been completed to date. while Phase 4 comprises finite element analysis of pipes

and pipe joints. The intention here is to develop improved joint designs mitially by computer
modclling and then substantiate these by laboratory and field testing. Improved joints should
reduce the likelihood of joint failures under load and increase the maximum forces that can
be transmitted safely.

f

[he work has been supported by the PIA and the Engineering and Phyvsical Sciences Research:

ha

Counctl (EPSRC: formerly SERC. the Science and Engineering Research Council), e
tieldwork has had substantial additional funding from five major regional water companis
- Northumbrian, North-West, Severn-Trent, Thames and Yorkshire. The water companies have
also provided the research sites, mainly on new sewerage schemes within their areas. and
horne site costs averaging about £15000 per site. Management of the project has been greatly
assisted by a management group with two representatives from the PJA. one from cach of the
water companies, and the author and research assistants from Oxford University. Overall the
project has been an excellent example of successful co-operation between academia ind
mdustry, including clients, designers. contractors and pipe manufacturers.

3OFHELD MONITORING - INSTRUMENTATION AND SITES

Phe overall research objectives are being met by observations of the behaviour of pipes. pipe



ioints and the surrounding ground. The instrumentation developed to do this is shown
diagrammatically in Figure 4. It has all worked satisfactorily except for the ground
convergence indicator, which was abandoned after the first site. The main instrumented pipe
tsomserted at a predetermined location within the pipe line. and for Phase 2 contained the

cotoswing instruments: -
forrcentact stress celiss v measure both radial and shear total stresses at the pipe-sotl

terfaces with their active face flush with the pipe surface and having a similar surface inish:

tiny four pore pressure cells close to the contact stress cells to measure the local pore pressure

and hence determine the effective radial stress:

(i) three joint movement indicators at each end of the pipe, to measure the movements across

the joint gaps,

(1v) six extensometers fitted to the internal surface of the pipe to measure the compression of

the pipe under load:

(V) twelve thin joint pressure cells built into the packer in the joint at either end of the pipe.

to measure the magnitude and distribution of the pressures transmitted across the joint.

In the jacking pit the total jacking load is monitored continuously using load cells on the jack
rams, and the overall movement of the pipe string by a rotary displacement transducer. Details
of the design, construction and calibration of the instruments are given in Norris and Milligan
(1991). All instruments were designed to operate successfully in the aggressive tunnel
cnvironment. be sufficiently accurate but robust and reasonably simple to calibrate, and disrupt
normal site operations as little as possible. The instruments are mostly fitted to the pipe before
msertion into the pipe line, to minimise delayvs to the contractor. the necessary holes and
fixings having been built in during the manufacture of the pipe. All instruments are retrieved
at the end of each scheme for re-use: many are now on their eighth site and still operating
satistactorily. Calibration, and where necessary refurbishment. of instruments takes place
between sites.

The cables from the instruments are connected to data acquisition boxes, one in the hottom
ot the jacking pit and the others mounted inside the instrumented pipe. The signals arc
converted from analogue to digital. and returned by a single cable to the computer logging
the information. which is housed in a container positioned alongside the jacking pit. The onlyv
other cable along the pipe line is the power cable to the instruments. These cables are broken
and fed through each new pipe in turn in the same way as the various services for the
contractor. A schematic of the arrangement is shown in Figure 3. The instruments and data
aequisition boxes i the instrumented pipe are protected from the contractor's pormal site
operations by a telescopic liner. This restricts the pipe diameter locally by about 300mm. but
the exact size and placement of the liner are arranged with the contractor to cause as little
disruption as possible: site records have shown that loss of productivity alter installation of
the instrumented pipe is usually marginal.

[naddition to the instrument readings. a detailed site log is kept. full survevs of the pipe line
and fevels are made regularly. and face logging and seil sampling are used where possible to
supplement the initial information on ground conditions. Ground movements around the tunne
were measured on the final scheme of Phase 2. and are being measured on all sites in Phase

-

oo\ pical measurement array is shown in Figure o0 For Phase 3. the number of contact

2owath sets at cach ond
ol the pipe as well as around the middle. Also the pore pressure cells have been incorporated

iito the contact stress cells to make interpretation of the results easier when the readings from

stress celis i the mstrumented pipe has been increased from 4 to 1



toth vary rapidly as the pipe line is pushed.

Details of the Phase 2 sites are given in Table 1, and of the sites monitored to date in Phase
» i Lable 20 The princtpal variables have been the ground conditions. depth of cover, location
sthe test pipe i the line. and use or absence of lubrication. Pipe diameters varied between
2opti e second scheme of Phase 3. Medium density fibreboard (MDI) was specitied tor

2 packers since this had been found to be the best of the available materials in Phase 1. and
calibration of the joint pressure cells was carried out in conjunction with this material.
xcavation  the early drives was always by hand, but on later sites excavation has been by
slurry or open-face tunnel boring machines. exact details of the instrumentation have varied
somewhat from site to site, depending on specitic scheme requirements: for instance the joint
pressure cells were not used in the f{irst two schemes of Phase 3. in the first case because thev

could not be fitted into the in-wall joints, in the second because the pipe walls were too thin
to accommodate the cells.

Crvand IS0 DD batall were of reinforeed concreter joints were of the steel-banded tvpe

!

4. FIELD MONITORING - RESULTS

Very large quantities of high-quality data have been and are being acquired trom the field
work. Complete evaluation of the results will take several years, and the data will no doubt
be returned to on many occasions to check theoretical advances made in the future. Results
from Stage 2 have been studied in some detail. and a short summary of the most important
indings follows below. More detail may be obtained from the report by Milligan and Norris
(1994). This document started as a set of notes for a full-day workshop held by the Pipe
Jacking Association to alert their members to the tindings of the research project. Results have
also been disseminated through seminars and technical meetings, and papers to relevant
conferences - Norris and Milligan (1992a and 1992b), Milligan and Norris (1993).

Starting with the instruments in the thrust pit. the jacking records showing the progress of the
drive and the increase in total jacking torce are presented in Figures 7 (a) to (e). These
cenerally show an initial load corresponding to the face load at the shield. and an
approximately linear increase in frictional load with the length of the pipe line. Notable
changes i the rate of increase of frictional load occurred in schemes 1 and 2, the former due
to increased interaction between pipe and ground following very heavy rain which softened
the clay to the depth of the pipe. the latter following a change in soil type from weathered
mudstone to glacial clav. The very peaky jacking force plot for scheme 3 retlects increases
m Jacking foad whenever the pipe Tine was stationary. the load dropping of1 as cach push ol
the pipe line occurred: this behaviour is tvpical of cohesive soils. and is much more marked
in high-plasticity clays (London Clay in this case). A detailed record in Ficure 8 of the
mstatlation of one pipe length shows that increases are apparent after only a few minutes.
while mncreases of over 70% can occur over a few hours.

1The peaks of jacking force in the record for scheme 4 (Figure 7d) are the resuli of using the
shicld to trim the tunnel excavation by up to 20mm. giving very substantial increases in face
foad. The use of fubrication towards the end of the drive was clearly effective unul problems
were encountered with running sand at the very end. In scheme 3 the hich miual rate of
mcrease i jacking load refiects the immediate collapse of the ground on to the pipe line and
the consequently high frictional resistance. Introduction of lubrication reduced the rate of

C
increase of load by a factor of 10: the bentonite slurry was under sufticient pressure to



stabilise the tunnel bore and then act as an effective lubricant in the small annular space
around the pipes caused by the overbreak from the tunnelling machine shield. The double
race towards the end of the drive results from the use of an interjack.

Vicures 9 () o rdy show the tunned alignment survess for four of the schemes. also the local
‘Ij\: it angles (hetny derived from the Foe and Hevel measurements and much more
weenrately from the special instrumentation. s notable that successive tunnel surveys show
fle i any tendency to change as jacking progresses: thus once a misalignment has been
sstablished by the passage of the shield, it will aftect all subsequent pipe joints passing that
point. Control of alignment is often most difticult and poorest at the start ot a drive. vet this
will be the point subjected to the greatest jacking forces at the end of the drive. Detailed study
of the joint angles during jacking has also shown that there is little tendency, except perhaps
in loose soils. for the pipe line to straighten significantly under load. Other points of interest
are that joint angles in well-controlled drives (within line and level specification) were
tvpically in the range 0 to 0.3 degrees. with occasional values up to 0.5. Some loss of
alignment in scheme 3 led to joint angles up to nearly 1.0 degrees; significant pipe damage
was experienced at the locations at which this occurred. The change in pipe levels in this
scheme of nearly 20mm between the first two surveys was due to the introduction of full
bentonite slurry lubrication. causing the pipe to float within the excavated bore.

Typical contact stresses between pipe and ground measured by the stress cells are shown in
'igure 10 (from scheme 4). In this case the ground was stable in the short term due to
capillary suction in the silty sand above the water table, and the pipe line was essentially
sliding along the base of a stable tunnel. Local stresses on the bottom of the pipe fluctuated
rapidly with maximum radial stresses around 300 kPa and shear stresses about 160 kPa. By
comparison with Figure 9 (¢) it can be seen that there is a close correlation between the points
of high radial stress and the level alignment surveyv: under load the pipeline tends to act as
a prestressed beam spanning between the high points in the tunnel. A similar effect was
observed due to misalignments in the horizontal plane in scheme 3. the pipeline being forced
against the soil on the inside of bends.

The measurement ot both shear and radial stress allowed the actual interface friction angle on
the pipe wall to be evaluated. Results for scheme 4 are shown in Figure 11; both effective and
total stress plots show essentially frictional behaviour. When lubrication was introduced. the
focal interface friction at first reduced markedly (from hine A\ to line C in Figures 11 (¢) and
v subsequently. since the annulus was not kept full topped up with lubricant. the
ciiectiveness of the fubrication fessened and the interface friction tended wowards its original
walue (line B). In the fully lubricated section of scheme 5. very low interface friction of
around 2 kPa was measured. Rather suxprlsmgl_\. frictional behaviour 1n terms ot total stress
was also observed in the schemes in cohesive soils. except that the undrained shear strength
scemed to provide an upper bound: more work in softer clays is needed to check this ctfect.
[he observed friction angles are summarised in Table 3.

Fable 4 summarises the measured face load and overall frictional resistance lor the five
schemes. In the inal two columns the average frictional resistance is compared with the

cnpirical values quoted by Craig (1983, based on previous experience. and the resistanee Wi
purety to the self-weight of pipes sliding inside a stable bore. for the schemes for which 11‘&. g
model was appropriate. calculated using the measured local friction values. It this latter value

is increased by about 23%, to allow for typical effects of misalignment. a good estimate of



the frictional force is obtained. For design purposes, suitable values of local friction angle
may be obtained from shear box tests taken to large displacements. Theoretical models which
appear to fit the tield behaviour are also available when either soft clay or cohesionless soils
make close contact with the pipe; however the case of stiff over-consolidated clays which
et due o stress relief and may generate high local contact stresses on the pipes, as
consured inoscheme 3008 o complex problem in soil-structure interaction requiring further

Finally, much information was also obtained on the structural performance of the pipes and
their joints under the action of jacking forces. The extensometers showed that the strains and
stresses in the pipe barrel were within the elastic range and could be estimated using short-
column elastic theory. On the other hand, stresses at the joints were large and locally
concentrated due to the small joint misalignments. Thus the pressure cell readings shown in
Figure 12 prove that the joint stresses are concentrated into a small section of the pipe
circumference, even at modest joint misalignment angles, while local values up to 60 N/mm*
were recorded in scheme 5. Theoretical calculations based on actual behaviour of the joint
packing material provide a good correlation with the field data and allow design curves such
as shown in Figure 13 to be drawn up. The importance of controiling maximum joint angles
to allow adequate jacking forces is very obvious.

1)

5. SUMMARY

Pipe jacking and microtunnelling are potentially powerful techniques for the installation of
pipes and small-diameter tunnels. To help realise the full potential of the methods, a major
research programme is in progress at Oxford University, with support from the research
council, the association of specialist contractors, and five water companies. It has now been
in progress for some eight years, and has included laboratory testing, field monitoring and
finite element analysis. Results of direct importance to industry have been obtained, and are
being disseminated through papers, reports, seminars and workshops. Input has also been
provided to a new Guide to Best Practice for the industry, and to a new European Standard
currently under production. In addition, the research has provided a forum for co-operation
within the industry, and a focus for the drive towards technical awareness and improvement
by all involved.
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Ground movements due to construction of pipe-jacked tunnels

George W.E. Milligan
University of Oxford, U.K.

Mark AL Marshall
Lniversity of Oxford, UK.

SYNOPSIS: Ground movements due to tunnelling in urban areas may cause problems with existing
buildings and services. The pipe jacking technique appears to offer a good opportunity for limiting
ground movements by the installation of a rigid lining immediately behind the tunnelling shield,
but the requirements for ease of jacking and minimisation of settlements may be in conflict.
Measurements of ground movements made on three sites in different ground conditions are
reported and compared with settlements predicted by accepted empirical methods. In all cases the
measured movements were small, and less than predicted.

1. INTRODUCTION Additional pipes are added at the thrust pit as
the pipe line is advanced. Excavation takes
1.1 Pipe jacking place at the front end, by methods ranging
The technique of pipe jacking involves the from hand excavation within a simple shield
construction of lined tunnels or pipe lines by through various mechanical systems to full-
pushing a "string" of pipes through the ground face tunnel boring machines; in poor ground
from a thrust or jacking pit to a reception pit, these machines may use slurry pressure or
using large hydraulic jacks (see Figure 1). earth-pressure balance to support the tunnel
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Figure 1 Pipe jacking with hand excavation
(with permission of the Pipe Jacking Assoc.)



face. Conventional pipe jacking is typically
used to instal pipes with internal diameters in
the range 1.0 to 2.5m, but large box-section
culverts may also be constructed. Pipes too
small for man-entry (less than 900mm [.D.)
may be installed as microtunnels, using
miindaturised mechanised systems, operated by
rzmote control

1.2 Ground movements

Pipe jacking is often used for the construction
of new sewer pipes in urban areas, as it leads
to far less disruption than laying pipes in open
trench. It can be economically competitive with
other tunnel lining techniques, such as bolted
segments, particularly in difficult ground
conditions, and has the advantages of requiring
no secondary lining and containing relatively
few joints. In urban areas in particular, a major
concern may be the control of ground
movements which could cause damage to
buildings, road pavements, and other buried
services. With pipe jacking the tunnel lining is
installed immediately behind the tunnelling
shield; in addition the pipes themselves,
whether of reinforced concrete or other
material, must be relatively strong and stitt to
withstand the jacking forces. After installation,
their deformations due to ground loading are
likely to be negligible. Pipe jacking therefore
appears to offer a good approach to minimising
ground movements, provided no large
displacements occur due to stress relief or
instability at the tunnel face. However, in stiff
clay it is normal to excavate at the shield to a
slightly larger diameter than the outside of the
pipes, to reduce contact with the ground and

prevent jacking forces from  becoming
excessive; In  cohesionless soils a similar

"overcut” or "overbreak" is created which may
be filled with bentonite slurry to support the
ground and prevent collapse onto the pipes. In
either case, slurry within the overbreak annulus
may act as a lubricant to reduce further the
frictional torces between soil and pipes. The
closure of this void must fead to some
settlement.

1.3 The Oxford research project
For the past eight years a major research
programme on pipe jacking has been in

progress at Oxford University, supported by
the Pipe Jacking Association, the Engineering
and Physical Sciences Research Council, and
five U.K. water companies (North-West,
Northumbrian, Severn-Trent, Thames and
Yorkshire). The programme of research is
described by Milligan and Norris (1993), and
results of the first two stages of the work
summarised by Milligan and Norris (1994).
Stage 2 and the current Stage 3 have involved
site.  monitoring of pipe jacks during
construction by incorporation of a specially-
instrumented pipe into the pipe string. In
addition, ground movements have been
measured on the first three sites so far
monitored in Stage 3; results from these three
sites are presented in this paper.

2. PREDICTION OF SETTLEMENTS

For a major tunnelling scheme, such as tor a
railway or metro system, it would be
appropriate to conduct extensive ground
investigations and analyses to determine the
expected ground movements in sensitive areas.
Pipe jacks for sewers are usually relatively
minor schemes in comparison and it is
normally appropriate to carry out only routine
site investigation and use empirical methods to
calculate settlements. The most commonly used
method depends on the fact that the shape of
the surface settlement trough developing above
a tunnel approximates to a  Gaussian
distribution curve (Peck 1969) - see Figure 2.

The surface settlement S is described by

- ol 22
50 So, max pr( Lot ) {

where SO, max 1S the maximum settlement

above the centre line of the tunnel and ¢ is the

distance from the centre line to the point of

inflexion of the trough. From collected tield

data O'Reilly and New (1982) produced the

following expressions for the parameter -
For granular soils,

1 = 0.282, - 0.12(m) (23



and for cohesive soils
t = 0.43z_+ 1.1(m) (3)

where z is the depth of the tunnel axis below
cround area.

Muadr et als (1993) have shown that, for
ciays, Eq (3) may be reasonably approximated
by

i =05z, (4)

and have also shown from site data that the

variation of ¢ with depth z below the surface
may be represented by

i, = 0175z, + 0.325(z, - 2) (5)

The value of S

o. max A4t the surface or§

z, max
at depth z below the surface, may then be
obtained by equating the volume of the
settlement trough V_ to the volume of "ground

n

loss". By integration, it can be shown that

V. =S_ iy (6)

s

VS

= — (7)

ian

The ground loss due to tunnelling has two
main sources - movements at the tunnel face
and closure of the ground between the
tunnelling shield and the final tunnel liner. In
this paper the calculations assume that the
tormer is negligible, either because the face is
continually supported by slurry pressure or
because the excavations are in stift clay. For
the relatively small diameters involved the
tunnel faces in stiff clay are highly stable and
only very small movements due to elastic
unloading of the ground will occur. The only
significant contribution to ground loss is then
due to the ground being excavated to a slightly

max

larger diameter D, than the external diameter

of the pipe Dp. Hence it is assumed here that

 Predicted Settlements

— e X

5

b4 S =S explx” 217 )

\ Tunnel
axis level

Fig.2 Calculation of settlements

3. FIELD MEASUREMENTS
3.1 Site details

Table 1 . Details of sites

Site No. Lo 2 3

Location Walthamstow, Southport, Seaham,
East Londen Lancashire Co. Durham

Crive length (m) 75 160 RID]

L

Dates 17/11/93-9/12793 | 242,94 - 8:3/94 27794 - 59/94
Ground type London clay I Dense silty sand | Gilacial clay

Pipe O.D. (m) 1.8 1.200 2160
Shield O.D. (m) 1.860) 1.220 2170
Cutter diam. (m) 1350 (av) 1.235 ! 2200
fxcavation by Hand Slurry TEM 4 TPM ‘
Axis depth (my | 25 <6 ,‘ nos

i

Briet details of the schemes at the three sites
are given in Table 1. At Site 1 the tunnel was
excavated by hand through London clay using
pneumatic tools within a simple steerable
shield. The overbreak on excavation was
provided by the miner cutting the clay with a
clearance around the outside of the shield. This
clearance varied with position around the
shield, from approximately 10mm at the crown
w a maximum ot about S0mm at the shoulder
and zero at the invert, the average value being



about 25mm. Some bentonite slurry was
injected as lubricant around the pipe, but the
overbreak annulus was not usually completely
filled nor was the slurry pressurised.

At Site 2 the pipe line was in fine sand
Pelow the water table. A Miller-Markham
Sueer-Mighty” microtunnelling system was
used, with slurry pressurisation of the face and
sturry transport of excavated material to the
surface. The overbreak at the cutting head was
15mm (on diameter) relative to the shield,
which in turn was of 10mm larger diameter
than the pipes. The overbreak annulus between
shield and pipes was filled with bentonite
slurry which was pressurised to support the
excavated tunnel and then provide a layer of
fubricant. In this situation the pipes were
theoretically buoyant within the tunnel bore;
indeed, readings from the contact stress cells in
the instrumented pipe indicated that contact
between pipes and ground was mainly near the
crown of the pipe.

At Site 3 the excavation through stiff glacial
clay was undertaken with an open-face
tunnelling machine. The overbreak varied
somewhat along the drive as the cutter teeth
tended to wear due to the presence of gravel
and boulders in the clay, the value given in the
table being an estimate for the position
corresponding to the instrument amray. The

Depth o

Fig.3. [Instrument arrays at Site

overbreak was again completely filled with
lubricating slurry.

In all three cases any overbreak remaining
at the end of the drive was simply left to close
onto and seal the outside of the pipe line, with
no attempt to grout up the void.

3.2 Ground conditions and instrument arrays
The instrumented array used at each of the
three sites are shown in Figures 3, 4 and 5
respectively, along with the ground conditions
revealed by the site investigation and
confirmed  during installation  of  the
instruments. The layout used retlected the
financial restraints imposed, the time needed
for reading the instruments, and individual
local site conditions. Thus Site 2 was in a busy
street and this limited the number of boreholes
allowed

The measurements made at all three sites
were of surface settlements by precise levelling
of nails driven into the road pavement, and
subsurface movements using inclinometers for
measurement of horizontal displacements and
magnetic plates for vertical displacements.
Vertical movements of the tops of the
inclinometer tubes were determined by precise
levelling, while horizontal movements of the
tops of the tubes were assumed to be
negligible due to the stiffness of the road

P Site 1 — Ground Instrumentation |

i Array 2 (Pressure Cells) a

" Propesed
i pesition




pavement present in each case. The measured
patterns of movements suggested that the latter
assumption was in fact reasonable.

At each of sites 1 and 3 some additional
instrumentation was used. At Site 1 this
consisted of two spade cells with piezometers
~ushed oty the ground at the bottom of
coreholes; the thin "blades” of the spade cells
were aligned along the line of drive to measure
ground pressures perpendicular to the line of
the tunnel. Some pressuremeter testing was
also done at this site to supplement the
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Fig. 4. Instrument array at Site 2

normal  site  investigation and  obtain
information on the initial horizontal stresses in
the London clay and the elastic stitfness of the
clay.

At Site 3 the surface road nails were
supplemented by more substantial settlement
stations consisting of a length of steel bar cast
into a concrete block at a depth of 950mm
below the surtace and sleeved between the top
of the block and the road surtace. In addition
a set of electro-levels was used, Iin a near-
horizontal tube grouted into a borehole just

1

o]

i Site 3 — Ground Instrumentation 1;
Inclinometers & [
| Settlement Plates
;
| Tube Tube
3 'a B
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! " b g |
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Fig.5. Instrument arrays at Site 3



above the crown of the tunnel at the reception
shaft. The electro-levels operate like a series of
short, continuously reading inclinometers,
giving settlements by integration of the slopes
measured at intervals along the tube.

. RESULTS AND DISCUSSION

4.1 Swe 1

The calculated settlements, including their
variation with transverse distance trom the
centre line at the ground surface and their
variation with depth on the centre line, are
given in Table 2. From O’Reilly and New
(1982) the value of i at the surface is 4.76m,
assuming the ground to be cohesive (in
practice there is a significant depth of sandy
gravel above the London clay), and the
maximum predicted surface settlement 12mm.
Measured surface settlements are plotted in
Figure 6 and compared with the calculated
values. The measured values are somewhat
erratic, and surprisingly show the centre line
settlement to be rather less than to either side
of the centre line; however they all lie within
the calculated settlement profile, with a
maximum settlement of 8-9mm.

Table 2. Site 1 calculated settlements

x (m) Dl 2 3 4 s 61 8 | 10
Sy (mm) (120 (1181100 ) 93 [ 841 63 | 54§ 20 | 123
: im) 0 ! 2 3 4 s06 7
i (m) 4251393 1360 |3.28 [2.95 | 263 | 230 | 1.98
S, (mm) [ 134 1S [158 1173 1193 216 [ 247 1287

Site 1- Surface Settlement
Road Nails in Stiff Pavement

~ \,\‘ x i . .

[ ]
Al
| B

Settlement (mm)
K%
[=
t t + 4 + 1+ + t + +

tn

-10 -3 0 < t0 1
Distance from centre line {m)

— O'Reilly & New

¥- Observed 18 davs post-mining)

n

& Observed 135 dayvs post-mining)

Fig.6. Site 1 Surface settlements

The prediction using Mair et al (1993)
suggests  that the settlement should
approximately double between the surfice and
just above the crown of the tunnel. In practice
the settlements indicated by the magnetic
plates were never more than 3mm greater than
measured at the surface. and most readings
were within the accuracy for repeatable reading
of about 2Zmm.

Inclinometer profiles from instruments 2
and 3 are plotted in Figure 7, showing
maximum horizontal movements of 5mm
perpendicular to the line of the tunnel at about
the level of the tunnel. Horizontal movements
of the centre- line inclinometer, and
movements parallel to the line of the tunnel
were all small, (<2mm) and somewhat erratic.
Figure 8 shows information from the
inclinometer and settlement plates combined to
give ground movement vectors in the cross-
sectional plane.
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In general the calculations provided a
reasonable upper bound to the measured
setttements; horizontal movements near the
surface were small, but more significant
(though still small) at the level of the tunnel.
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Fig.8. Site 1 movement vectors

The inward movement of the tunnel walls due
to elastic stress relief may be calculated from
the initial ground stresses and the insitu
stiffness of the London clay. Results from the
pressuremeter testing are presented in Table 3.
At a depth of 8.5m the total vertical stress is
assumed to be 190 kPa, while the measured
total horizontal stress was measured at about

330 kPa; the initial shear modulus G, averaged
about 50 MPa.

Table 3. Results of pressuremeter iests

TEST z ) S, G; . N v

(m) (kPa) | (kPa) | (MP1) |G, |G s 1 (kba)

(MPa) | (MPa)

BIT! 6.4 287 94 ) 13 14§ 997
BITZ 7.4 a7 92 <s 27 w0 | om
8173 10.1 RRC) 27 56 b 2 oz
BITS |t | e i s 0w b R
BITI | 63 ¢ 38 I L s
AIT3 | 89 | w R R A HUR 3
BIT4 p en ) ozme | o1 o o2 o e
BITS 0 P o a¢ 4 N 10 i

P,y = total horizontal stress G = initial shear modulus
G rn = shear modulus from unloadireload lcop No.'n’

urn
5, = undrained shear strength P, = limit pressure

The reduction in horizontal and vertical
diameter are given by Poulos and Davis (1974)
as

o, = d-vap (30, - @) (9)
3 p

and §, = “_"E‘_) D (30, - o) (10)

where £ and v are Young's modulus and
Poisson’s ratio, v = 0.5 for undrained
deformation and £ = 2G(1 + v) = 3G. The
resulting values in this case (D = 1.85m) are
6,1 = 7.4mm and cfv =
part, of the order of 3.5mm, of the horizontal

movement close to the tunnel can therefore be
attributed to elastic unloading.

2mm. A significant
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Fig9. Site 1 pressure cell readings

The readings from the embedded stress cells
are shown in Figure 9. Following installation.
once the readings have stabilised, both
instruments indicate horizontal pressures of
about 400 kPa. It has been suggested (Tedd et
al 1984) that for installation in stift clay these
cells over-read by about half the undrained
strength of the clay, s . Here s (Table 3) is
about 90-100 kPa. while the cell readings are
about 70 kPa higher than the total horizontal
stress from the pressuremeter tests. With the
passage of the tunnelling shield the reading of
the cell 1.5m from the axis of the tunnel
dropped by about 220 kPa to about 215 kPa.
The cell which was intended to be just above



the crown of the tunnel, and theoretically
should have measured a substantial increase in
stress, was in fact exposed in the tunnel face
having been installed at the wrong level, its
reading dropping by about 240 kPa to a tinal
reading taken of 160 kPa. It is suggested that
caese readings are best interpreted as showing
12 initial horizontal stress of about 350 kPa,
slightly higher than given by the pressuremeter.
It is interesting to note that both cells started to
show increases in stress as the tunnel face
approached, presumably due to the soil arching
in both horizontal and vertical planes around
the front of the tunnel excavation.

4.2 Site 2

The surface and subsurface settlements for Site
2 are shown in Figures 10 and 11 respectively.
None of the horizontal displacements measured
by the inclinometers exceeded 1.5mm, nor did
they show any consistent pattern. The
calculated value of [ was 1.45m, and the
maximum settlement 18mm assuming that the
full overbreak volume between the cutter
diameter and the pipes’ external diameter is
converted into surface settlement. However the
maximum surface settlement is only about
6mm, though the distance to the point of
inflexion of the settlement profile is in good
agreement with the prediction. Two main
tactors probably account for the discrepancy in
the magnitude of settlement. Firstly, shearing
of the soil during settlement will cause some
dilation of the dense sand, so that the volume
of the settlement trough will be somewhat
smaller than the volume of the overbreak.
Secondly, the use of bentonite slurry support
and lubrication prevented the collapse of the
cround onto  the pipes. An alternative
calculation assuming that the cverbreak volume
is given by the difference in diameter between
the cutter and the shield gives a maximum
settlement of 8mm, with the same value of ¢
allowing for some dilation this is in reasonable
agreement with the measured value.

If this hypothesis is correct, it leaves some
uncertainty over whether further settlements
will occur in the long run as the annulus of
bentonite slurry, presumably mixed with sand
during the jacking operation, gradually
consolidates under pressure from the

Site 2 - Surface Settlement
Observed levels
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Fig. 10. Site 2 surface settlements
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Fig.11. Site 2 movement vectors

surrounding ground. In this case the settlement
increased after about seven months to give a
maximum of 8mm; the profile is much flatter
than expected, probably due to the stift road
pavement.

4.3 Site 3

Surface settlement measurements trom Site 3
are shown in Figure 12, while calculated
values are given in Table 4 and also plotted in

2, Max hél\'C
been determined, the value of [3.3mm
resulting from the closure of the tull overbreak
between cutter and pipes, the lower value of
10mm trom the closure between cutter and
shield, assuming that the remaining annulus 1s

held open by the pressure of bentonite slurry.

Figure 12. Again two values of S,



Both values are larger than measured, though
the shape of the settlement trough is again well e
predicted. The settlements measured on the ‘ Site 3 - Tube B

road nails were unexpectedly somewhat greater Transverse movement into tunnel
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Inclinometer plots for the transverse

deflections of the tubes to the side of the

Site 3 —Total Movement Veciors:
tunnel are shown in  Figure 13; small 50 deys post—-mining
movements towards the excavation were :
detected, reaching a maximum at about the ‘ Tube Tube Tube
level of the tunnel but still significant for some - A2 7
depth below it. Movements over the centre e . .
line, and in the direction of drive for all three 2 ) ' s
tubes, were very small. Figure 14 shows the e . ,
ground movement vectors in the transverse *f_:-_i“ ' ; ;o Lt
plane. ST e . ;o Th

Figure 15 shows profiles of settlement just 5 - S : R
above the crown of the pipe and along its N it T -
centre line, obtained from the electro-levels. * 3 - e
These show a maximum settlement of about e
10mm, greater than measured by the settlement ‘ -
plates but still much less than calculated for i RN

Ciztance from ntre hin e

this depth.  Settlement starts to be just
detectable about 1.5m ahead of the tunnel face,
but most of the settlement occurs after the Fig.14. Site 3 movement vectors
passage of the cutting head.




This confirms that ground loss due to
inward movement of the tunnel face is
negligible. Settlements had almost ceased by
10 days after completion of the drive, as
shown for a point some 7m from the shaft
wall,

Site 3 - Flectro-level Data
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Fig.15. Site 3 electro-level readings

5. CONCLUSIONS

The ground movements measured on three
sites during construction of sewer pipes by
pipe jacking have all been very small. In very
stable ground conditions, or if face pressure is
accurately balanced, the ground loss due to
movement of the tunnel face appears to be
negligible. The well-known empirical approach
to the calculation of settlements has in each
case predicted a reasonable profile of surface
settlements. However the effective ground loss
seems to have been smaller than the full
volume of the overbreak between excavation
and pipe external diameter, and the calculated
maximum settlements are in all cases greater

than  measured.  Additional  sub-surface
settlements have been very small, barely
detectable using magnetic settlement plates;
however electro-levels were used successtully
to obtain a longitudinal settlement profile
immediately above the tunnel face on one site.
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INTRODUCTION

A programme of research in pipe acking
in progress at Oxtord University since 1984 1t has
imvolved laboratory resting. finite <lement com- rhe overall project. and then fcads on e

puter analyses and site monitoring on lve con-

struction sites. It has been supporied by roth chient adopred to ensure the suceess

bodies (water companies) and contractors from second part provides a tull case nistors

industry. and by government funding via the site monitoring operation. Detatled cas
councils. Tt provides an outstanding of the other instrumented schemes wi

&

P. Norris
Mou MacDonald

This paper provides an introduction to the programme of field monitoring of
pipe jacking undertaken at Oxford University, as part of a major research
programme initiated and funded by industry in collaboration with the
Engineering and Physical Sciences Research Council.

In the first half. the need for research is discussed. the objectives of the work
introduced. and the reasons for the use of site monitoring to achieve these
objectives presented. The instrumentation developed for this purpose. and the
methods of planning and execution of the site work. are described. and brief
details given of the five schemes monitored during the first stage of fieldwork.

The second half of the paper is a case history of the first instrumented scheme.
involving a pipe jack at shallow depth in stiff glacial clay. Results presented
include measurements of: total jucking force: local shear and normal stresses and
pore water pressures at the pipe soil interface: deviations in line and level of the
pipe line. and consequent misalignment angles ai the pipe joints: and the
magnitude and distribution of joint pressures between pipes.

The instrumentation generally performed very welll so that only minor
modifications were needed tor later schemes. Pipe-soil interaction was found to
be complex. affected by ground type. excavation technique and the presence of
free water within the tunnel bore; however. two simple theoretical models were
found to give calculated vulues for pipe jacking resistance in reasonable
agreement with meusured values. Pipe line alignment was shown to be very
important in determining pipe barrel load paths and pipe joint pressure
distributions. No ovidence was found for any signiticant changes to alignment
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sented n future papers. whilst a summary of the
main rosults and recommendations from the first
~ . . . . . . - 1
Tee sttes s given by Milligan and Norris.
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SEPE GACKING RESEARCH

History

Prre racking has been used in the UK. for some 30
vears. and much practical experience and develop
ment nas gone into the design of equipment and
technigues. However, o basic scientific under-
standing of the complex interactions taking place
between pipe and ground was lacking. and
unexpected failures were not unusual. particularly
as the technique has been applied to ever longer
drives in more difficult ground conditions. The
spectilist contractors. in the form of the Pipe
Jacking Association (PJA). realised that it was
necessary to put the technique on a proper footing
by increasing understanding through research.
the major clients such the (then) Water
Authorities were not to lose contidence in it.

The reserch project was initiated by the PJA and
the Concrete Ppc Association (CPA), following a
survey by Craig”™ for the Construction Industry
Research and Information Association. So far it
has compriscd the four stages listed in Table 1.
ith Stages 3 and 4 currently in progress. Stage 1.
ohy "‘g faboratory testing of model microcon-
pes. produced much important information

aehaviour of pipe joints under jacking
forees. However, it also showed that many of the
factors affecting pipe jacking operations could not

as

ins
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casily he r”"‘“"OdUCCd in the laboratorv at small
Sus ostublishing the need for the eld
;ing indertaken in Stage and  then
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sontneed into bugc SoAfTer Stage 1 an important

rough wits made in that five
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Milligan,

P. Norriy
point of view and allowing research to tuke place
on active sites under their control.
Funding and management
ine overall costs and funding arrangements 1or 110

four stages are also given in Table 1. In addition to

he direct costs shown. substantial research ussis-
tant expenses in Stage | were carried by the PJA
and CPA. In Stages 2 and 3 each site operation has
incurred expenditure of between £10.000 and

20.000: each water company has borne this cost

for one site in each stage.

The research programme is overseen by a
management group which from Stage 2 onwards
has consisted of two representatives from the PJA.
one from Oxford and one from each of the water
companies. The research team reports on technical
and financial progress to this group at quarterly
meetings. and in return receives much useful
guidance. assistance and encouragement.

Objectives

The research has set out to provide a basic
scientific understanding of the process of pipe
jacking. This should allow improvements in design.
specification. estimating, site operation and con-
trol. resolution of claims (or preferably avoidance
of the situations that lead to them). and perhaps
even the costs of insuring works. In the long term.
this should lead to more economical solutions.
safer construction techniques. and a superior end-
product. Both clients and contractors should
benefit. hence it is entirely appropriate that they

have joined forces to support the research.
The general objectives for the oro-
gramme were the areas listed by Craig” as requiring

mvestigaton:

et companies agreed 1o join the research tay prediction of friction loads n different
programme, providing input from  the clients ground conditions:
Iablc 1 Stages of research work
DRI Nature of work Toral cost () Suppe
CINe N Laborators oml esting <0000 SERC* ‘
Z N ag2 \To"l onng o s 220000 SERC. PJA™, Water Cos-
Tovilopwes \!o wr r : s Jrnge” SERC EPSRC Water €< PIA

I~ E

ineering md Ph\m.dl &mnus anrd} Loumh

boor stages 3 and 4. costs included overhead charges on

IR

SERC EPSRC

reseurch council grants.



Site-based research in pipe jacking s

(b) toad deflection characteristics of the joints
with different packing materials;

(¢) the effect of cvelic loading on the pipes at
intermediate jacking stations:

i) the effect of lubricants 1n reducing friction
2 a4 plpe:

ca e development of aostte investigation test
suitable for the predicion of frictional
forces.

The measurement and prediction of ground move-
ments associated with pipe jacking has subse-
quently been added to this list of objectives.

The main uncertainties in pipe jacking arise
because the alignment of pipes can never be
perfect. The loads between pipes are not trans-
mitted uniformly, and the interaction between soil
and pipe is such that frictional forces resisting the
forward movement of the pipe string may be
greatly increased. These two effects interact with
each other to increase the jacking loads and cause
stress concentrations in the pipes. The main
purpose of the rescarch project is therefore to
investigate the load transfer through and between
pipes. and the contact stresses between pipes and
soll.

In more detail. these objectives require the
determination of the areas of contact between
pipe and ground in both granular and cohesive
soils. the normal and shear stresses developed at
these contacts. the effects of lubrication. the
stresses and strains in individual pipes. the effects
of angular deviations of joints. and the perform-
ance of the packing material in the joint. Some of
these could be studied in the laboratory investiga-

tion. but needed confirmation at full scale. while
other effects could only be achieved in the tield as
they depended on realistic ground conditions and
construction procedures.

[nstrumentation

Special instrumentation was developed 1o meet
these objectives, taking full consideration of the
difficulties and constraints involved in working in
the often wet, dirty and confined environment of a
pipe jacked tunnel. The instruments were designed
to be:

+ casy to install. with minimum delay o site
work

+ able to be read remotely

+ cheap enough to allow sufficient numbers to be
installed

 robust and reliable

« sufficiently accurate

s reasonably simple to calibrate

« having minimal effect on the behaviour of the
pipe in which they are installed.

A full set of instruments is shown in Fig. 1. They
were arranged in three groups, in the lead pipe. in
the main instrumented pipe and at the jacking pit.
For drives through cohesive soil. the lead pipe
contained a ground convergence indicator which
was designed to measure the rate at which the
ground closed on to the pipe. particulariy when
jacking was halted overnight or at weekends. It
consisted essentially of a hinged arm spring-loaded
against the ground and connected to a rotan
potentiometer.

Fig. 1. Schematic of instrument arrangement.



The main instrumented pipe was located further
back in the pipe string and contained the following

mstruments:

stress oetis. o mieasure both

ind shear strosses on the ~uTtace

, T e active face was Hush with
inz pipe surtace and provided with a similar
surtface 1o the pipe;

(i) tour pore pressure cells adjacent to the

contact stress cells. measuring the local pore

water pressure and hence allowing determi-
naton of the effective radial stress:

three joint movement indicators at each end

of the pipe. t0 measure the three-dimen-

stonial angular misalignment of the joint
gap:

(iv) up to twelve pressure cells built into the
packer in the joint at either end of the pipe.
to measure the magnitude and distribution
ol the stresses transferred across the joints:

(v} up to six extensometers fitted to the internal
surface of the pipe and equallv spaced
around it to measure the compression of
the pipe under load.

SOIL-STRUCTURE
INTERACTION

“ G WO E Millican. P Norris

The main instrumented pipe also contained g
modular data  acquisition stable
power supply.

system and

In the jacking pit the ol jacking load was
recorded by two or four load cells positioned
Setween tie gues ramis and the thrust rinz. and the
forward movement of the pipe string measured by
a displacement transducer mounted above the
tunnel entrance. A flow chart summarising the
objectives of the instrumentation is shown in Fig.
2. Readings from the instruments were backed up
by a detailed log of all site activities, and regular
surveys of line and level of the full length of the
tunnel.  Additional observation. sampling and
testing of the ground conditions were also under-
taken to supplement site investigation data. Details
of the design. construction and calibration of the
imstruments are summarised by Norris  and
Milligan® and covered in detail by Norris.**

Data acquisition

The data acquisition system is shown diagramma-
ticallv in Fig. 3. The system emploved a family of

PIPE PERFORMANCE

Localised total radial and  +
shear stresses acling on
the pipe surface

CELLS

CONTACT STRESS

Average shear stress <= JOINT PRESSURE —  Local pipe joint stresses
over a single pipe length CELLS cnabling load detlection
chamcteristics of pipe ‘oints to
be evaluated insitu.
Average face and shear +-  JACK LOAD CELLS
resistance along pipeline AND PRESSURE CELLS
TUBE =  Ovemld pipe compression
EXTENSOMETE
Changss in pore aater == PURE PRESSURE
oressure adacent (o the PROBES
pipe to enable ground
loading o be expressed
in effective stress lerms.
Ground convergence +- . GROUND
rates around pipes CONVERGENCE
INDICATOR
PIPE JOINT

MOVEMENT
INDICATCRS

- 2D monitoring of pige jomnts

measure oint angies and

provide relaticnsiups Detaeen

alienment and pipe end stress
. distributions

SITE LOG CF ACTIVITIES AND LABORATORY/INSITU SOIL TESTING

Fig. 2. Obsectives of the instrumentation.
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lastrumentation container
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To instrument Power cable — 7Sigmt cable o
7220 16 channel measurement .
Processor and rectitier unit
i | Anclog input modules S—
Greund convergence r— -
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lead pipe transaucers ~ Measurement module ‘o
7.)
Ja'(s

Transtormer ard
rectifier unit

Load cells

Fig. 3. Schemutic of data acquisition system,

commercially available Datascun control and
analogue input modules capable of accepting
information from different tvpes of transducer.
They were housed in protective steel boxes within
the instrumented pipe. and connected by short
lengths of analogue signal cable to the various
instruments. The signals were converted to digital
form for communication between the modules and
the 286AT personal computer controlling the
svstem from the surface, to minimise the risk of
signal corruption. The system could handle up to
S0 channels. Each control module contained a non-
volatile memory which retained the set-up informa-
tion during power loss. such as when the power
and stgnal cables were disconnected when cach new
aipe wis added to the string.

Readings were taken at 3s intervals during
pushes of the pipe line. and I min intervals at all
other times. Data were regularly backed-up on to
floppy disks. and later analysed using Lotus 123
spreadsheets.

Site selection

[- was iatended thut thve schemes would  be
montiored during Stage 2, with one being provided
by cach of the sponsoring water companies. [t wus
expected that a number of sites would be offered.
with sutlicient lead time for the research activities to

be built into the contract documents. from which
those most suitable for the research would be
selected. In practice. due to the etfects of privatisa-
tion of the water industry. few suitable sites became
available and most had to be accepted at short
notice: details of the five schemes monitored are
given in Table 2. The second half of this paper
covers the first of these in detail. while the other
schemes will be the subject of future papers.

Planning and execution of the field work
The success of site based research i~

dependent upon good design of instre
data acquisition svstems, but also thoroua

ning of the site procedures and mcorpe:
'l

the rescarch activities mto the work 1msuch o wa
that contractual pressures are minimised. Pre-
contract meetings with the client and the con-
tractor were extremely valuable in explaining the
aims of the research and understanding the roles
and motvations ot the  parues

imvolved. A
summary of the important research related items

to he added 1o the hill o Suannues s ogiven
Table 30 Other vems o & moie Donatur:
ncluding  runsporanon and hae

equipment container, SleCiicity suppin. st

security and the contractor’s responsibihty o the
instruments were also covered. The primary bili
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Table 2. Details of schemes monitored
| 2 3 4 N
RSN \ugust 990 January 1941 March 1991 July 1991 December 1991
: Bo, Lanes Cruteshead. Honor Ouk. Choriey. Lanes Cheltenbam. Glos
Tvneside S EoDonden
AL A Noerthumbran Py Waner NOW Water T
A MWt Chorlev D ‘
Binnie Tavier Halcrow
Woodrow
LTl Lasernere DCT Barhale Barhale [atfey
P ne 5 '"p.isr Buchian ARC Buchan Spun Concrete Spun Conerete
~e ED i L2060 1350 Ix00 1500 1200
Crround Tupe St Glactal Clay Weathered London Clay Dense Silty Sand  Loose Sand & Grusvel
Mudstone
Conver oy IR T 121 710 4.7
Orove Lengt om i) 110* 7Y 158 asd
Position ot Test Pine Nl 3 Pipe No. 10 Pipe No. 13 Pipe No. 16 N3m ofrom front end
P e
[ ubricauon No No No No Yes Yes
Pucker* MDF MDF MDF MDF MDF
bxcavaien H 1ind Hand Haund Hand Slurr\ T B. \I
‘\Io utormg ondy for part ot drive.
SMDF = Medium Densic v Fivreboard
hble \Iam research items for bill of quantities
1. Supply of special pipe. Su'n
2. Provide. establish and maintin protective rigid steel liner. Sum
3. Removal of protective rigid steel liner. Sum
4. Installation of mmprmslon load cells between thrust ring and jack rams and mounting of celesco displacement
unit and data acquisition box in the thrust pit. nr
5. Removal of pit bottom instruments. nr
6. Stunding by pipe jacking driving operations. hr
T Supply and fitting of 100 < 12mm thick medium density fibreboard to BS1142: Parts | and 2 as packer to joint
annular ring in joints with pressure ceils. nr
S Recovery of joint pressure cells from pipe juint and make good packing material. nr
g Recovery by overcoring of pore pressure probes and contact stress cells, removal of cores containing
mstrumenis and making good holes. nr
i Fniryinte tunned for inspection and survey. ar
HJP\ were all activities which could have a major unit mounted above the tunnel entrance. Once
disvuptive erfect on the contractor’s programme of communication was established between the pit

Aok Unioreseen delays caused by the research

were covered by the rate ror standing by,

Vs far us possible. preparation of the instru-
mentad pipes ook place off-line. The  exact

metinods of tixing the instruments varied with the
way 1 which the pipes were tormed (vertically cast
or centrifugally spun). The high risk of instrument

damage during the casting process and subsequent

delivery to site ruled out installation at the
mpe\\orm [t was therefore necessary to “build
’ cessary holes. mserts or brdd\\,w and
mes toosite with sutherent time 1o

. Jduen
On sirer the nrst priority was o install the

—

S

1

JoKing pit
coupled tot

ruments. The juck load cells were
rams. and the Celesco displacement

(4%

pbottom data acquisition box and the PC. daw
could be collected on the initial pipeiine installa-
ton loads. and preparation of the instrumented
pipe was started. The instruments were fitted while
the pipe was on the surface. and only parts of the
joint movement indicators had to be glued in place
after the pipe was in the tunnel. The total ume tor
assemblyv and system checking was 2-3 davs. It was
convenient over part ot this pertod to monitor the
effects of ambient temperature fluctuations on cach
of the instrument wpes.
ture compensation.
Protection of the mstruments and date
uon  system against mechanical  damage  wus
provided by a steel liner which fitted inside the
instrumented pipe (Fig. 4). The liner was tvpically

for subsequent

emeera-

A Ulsi-
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R NTERMITTENT STEEL BAND
/WELDED AROUND LINER 8
A ‘ " PERIMETER.TIMBER NCTC.‘*E"q

"2 ACCEPT 1C0Omm;

g .
e ‘L, e

NITIAL GAP SET AT 'S5mm
S

1020

i

]

I

_SICTTED MOLES AT 306 CENTRES
TO ACT AS CABLE GLANCS

. PCSITIONED AT SIMILAR PCINTS

L GN ALL TIMBERS

Y

CRACLE SCREWED
7O CONCRETE

Fig. 4. Detuls of protective liner.

300 mm smaller in diameter than the pipeline. and
was tabricated in two 1.4m lengths, which was
slightly longer than the 2.5m instrumented pipe
length. Each overhanging portion was bolted to a
steel cradie tastened to the leading und trailing
pipes. The liner was supported in the pipe by a
timber cradle in the pipe invert. Articulation of the
liner was provided by a central steel banded joint
which allowed the two halves 1o siide =10mm
relative to each other: this also ensured that none
of the axial load on the pipe was transmitted

through the liner. A set of ramps in the leading and
trailing pipes allowed muck skips to travel through
the liner. A delay of about 6h occurred while the
liner was manoeuvered into position in the tunnel.
This delav and the loss of production as a result of
the constriction were priced by the contractor in
the appropriate dill 1tem. It has been found n
practice that the protection the hner provided wus
well worth the slight reduction in productivity that
it caused.

All the instruments were recovered at the end of
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Ldrive tor re-use. The jacking pit instruments were
aabolied from their anchorage points. then the
e owvis divmantled and the surfuce mounted

Carveometers, o movement mdicators and data

. . PN . .
oLy may s ey s ed from che TN I}- N
o ! - R R N 0 0 A TS S U R OU DS e

Cine pipe wers recoverad b
vooreorning and ihe resudung holes made good as
reguited. Removal of the pressure cells from the
Dipe joints required special anchorage brackets to
ne bolted to the pipes on either side of the
mstrumented joint and cvlinder jacks inserted to
push the Joint apart and allow removal of the cells
and insertion of replacement packing material.

Ornce monttoring was in progress. good commu-
ncations between the miners and the researcher
cnsured that there was very little disruption to the
normal working pattern. The instrumentation was
even of assistance to the contractor on certain
schemes by providing precise and  continuous
records  of jJacking loads  which  helped  with
Jdecistons on whether o1 when to lubricate or use
an interjack.

A CASE STUDY OF AN INSTRUMENTED
DRIVE—SCHENMIE 1

Introduction

Wias oset oup as a pilot test tor the
i nation and site procedures: the funding
~odies were warned that failures were likely and
that useful data might not be obtained. In fact it

A compiered successfully,

The client. Bolton  Metropolitan  Borough
Council acting as agents for North West Water
Ltd. had designed the Bury Road Resewerage
Scheme  to alleviate foul tfiooding which  was
3

afecting premises in the Breightmei orea of

Socon, Part of the scheme. the Milnthorpe Road
Retenten Tank. was brought forward as o

sepurate phase when identified by North West
Water as being a suitable site for the pilot test. The
contract was awarded to Laserbore Lid. Work
commenced on site 23 July 1990 with the research
clement being carried out between 25 July and 24
August 1990. Pipe jacking was chosen despite the
shallow cover of 1.5m: the retention tank passed
directly below the drivewavs of a number of houses
and the client wished to minimise inconvenience to
the owners and a superstore which could onlyv be
accessed from Milnthorpe Road.

Vertically cast reinforced concrete pipes supplied
by C. V. Buchan Ltd were used. The lead pipe was
fitted with a single ground convergence indicator
and the main instrumented pipe was positioned Sm
behind the shield. This enabled the first few pipes
to be pushed out of the tunnel into the reception
pit and the main instrumented pipe to be jacked
into the tunnel again for a distance of two pipe
lengths. to investigate any differences in behaviour
at the front and rear end of the pipe string.

Ground conditions

A longitudinal section (Fig. 3) constructed trom
the tace log taken during the construction period.
dlustrates  that the drive was  predominantls
through suff glacial clay. Soil strength  and

classincation details were obidined {rom o iy

itive el

‘
Wt

[RINEEH
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Table 4. Soils test data from tunnel face

CH 6m CH 17 3m CH 3Im CH S

Ormocar

Suff grey beuider /
7

clay aith )
N y
Me m

Sail density 24—
e} 33
—_—— ‘%
10—

Index tesung ) —

— LL

Undrained S, ° 3&S (245 (245 1245
| . .

shear ... S0kPa 117 kPa [200] 8.5kPa [245] 136kPa 13053
strength Fos A Ay \s
o, 22 0 17 (0] 30 il 2" o
< ‘ 245 DU (LA PRI
Consolidated . e el 16 xPa 0kPa 6 kPu 23kPa
. 4+ 3 2
undrained s
.
o 30) 39 30 B
Pocket ST i0mm 2 2 122 240
penctrometer S1200 IND i 169 239
Av kPw ooaan ire i 220 R
Shear Vane © 300mm b 4 Bk AR
Av (kP S 1200 136 sl {4y AR
oA T f 182 .
and laboratory testing of matenal ar four chain- pipeline displucement transducer w0 tan -
ages. \ summary of the resuits appedrs in Table 4 duced after this prowed:
which ndicates that the undrained shear sirength The carerul selecnion and desion EEEARN
increased from 130 te 300kPa with imcreasing ments ted o few falun yoservees ooy S The
tunnel length. Stability indices based on these pipe joint pressure cells. yack foad collv pipe ronn

values suggested that the face and tunnel bore movement indicators, tube extenson
would stand unsupported for some time after acquisition system demonstrated

Quroiness
excavation. purpose during the pilot teste Tho contact stress
colls inttially sutfered from problent Do o arowd
Instrumentation Waler Ingress. huloThie o wds onorooeve on fater
schemes by redes S DI ENCIES [ SEUR oY
his was a paorotesnoa reduced set o prossure probes s oon
cments was used ieee Table S In parueular cable damage Jdurns soractons oo o dnein
only six joint pressure ceils were ftted at each end convergence ndicwiar periormed S B
of the instrumented pipe. and joint gap measure- field. Trouble was caused by tho meross of e

ments were only made across one joint. The particles past the PTEFE scals. causin s amnuny.
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Table 5. Field reliability of instruments

[nstrument type Number Fatlures cause
Contact stress cell 4 2 moisture ingress
Pore pressure cell 2 -

Pipe joint pressure ce! 12 -

Joint movement indicater : -

Tube extensomeiers : —

Jack load cells z —
Temperature probes 4 —

Ground convergence | | jammed by fine particles
Data acquisition system 42 channels —

20-
| —
. ;
i Short weekend :
_1 12th Aug 1990 ‘
| | —
g | - ]
: —_—
a) H Y i Celay due to fractured waler
5 T L.P. inserted inclucas - main, inciudes waexend
w f weekend 4th, Sth Aug 1990 ' 18th, 19th Aug 1990
%) 104 —
z ] —
S B e
S —
— !
f
“‘ Crvented clay cipe 'and grain
: — 1 P. = nsirumerted pipe
0-- : :
0 20 40 €0
LENGTH OF DRIVE (m)
1.4
BOLTON [
1.2 j.,
= 1 N
Z v
x i
W=~ 1.0~ I
Q3 ! N2
55 ¥
8 \ P% |
3 08 -
g Pal i Waler main fracture
= t; : 25m from sntrance
S o6 -
< o
- i
c.4
Heavy ran ‘hroughout
0.2 -
Il
c.o
o] 2C 40 €40

LENGTH OF DRIVE (m)

Fig. 6. Jacking records.
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Constraints of programming or ground conditions contract. which appears to have afeorod the
have in any case prevented this instrument from ground conditions to the depth of the pipe jack.
being used atter the first scheme. Generally. progress of 6 m per <hift wa~ achieved.
The jacking force increased from an v cal face

Jacking records
I'he

shown

The jacking records for the scheme are

resistance of
etfect
rasulted

s Tyl oy Sk g .
of overnight and weekend -~

N increased  restart forees.

FA0KN to a4 maxmum o 1F

~ORN.
AIARESAE

~ecalis

19 August

o

iz, 6. A prominent feature is the change in 200 KN greater than at the end of the presious
average jacking resistance at chainage 33m from push. The weekend stoppage of the I8

4 uniform rate of 7.2 to 298 kN m~'. The was  preceded by tunnel floading  due
change in slope corresponds to a significant fractured water main with the restart

change in weather from hot dry conditions to
torrential rain throughout the remainder of the

greaier.

TOoRP
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a0

. Variation in total radial stress.

forces

some 400kN larger and the postjacking resist-
ance remaining significantly
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Jacking records are generally the only informa-
ton on ground refated loading that a contractor
fas at his disposal. They allow values of nominal
face resistance and average pipeline friction to he
Lorermuned 10 different oround conditions. To

rOXIMate average s
ted 1n

e o theovery apnr
rraditionany adop designing pipe
CUeKS iy necessary [oogam
the contact pressures between the pipes and the
soll during jacking. The contact stress cells and

an understanding of

pore pressure probes in the instrumented pipe
wall allowed such measurements to be made.

Local interface stresses mobilised during jacking

Fhe contact stresses measurad hy :
shownin Figs 7and 8. The zpd\im Zs are atte md b
sero drift. due to moisture ingress. The instr-
mented pipe was positioned three pipes behind the
shield resulting in the excavation being generaliy

sco
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-
= 3co -
o
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ol
o~ 220 =
2 e avy e theougrour
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o
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1SS0
o zo a0 50
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s0o
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e
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o
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o
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>
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[a} 20 a0 S0
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Fig. 8. Variaton in intertace shear stress



I day old when the pipe passed through. Contact
between the pipe and soil was only recorded on the
Sottom of the pipe throughout the drive: this 13
sonsitent with the over-break i sutf cohesive soils

oo conzr depiths remaining open. and the pipe

ooz hase O the open Bore T o
sois ovaned between - 120 and T kP
These values were for extremely short periods with

e majority of readings lving in the range 0-
230 KPa. The larger values were probably the result
of local cobbles pressing on to the cell. The
negative values imply suction during the shearing
process and generally correspond to the locations
of negative pore pressures recorded during the wet
site conditions. Shear stresses varied between — 40
and 430 kPa. The negative stress was an isolated
value and was possibly due to recoil at the end of a
push. The majority of shedr stresses were between
0 and 130 kPa.

The pore water pressures (Fig. 9) during the dry
weather conditions were generally smaller than the
changes in total stress. This suggests that the
ground at the interface mav be unsaturated even
though the original material was saturated. and or

Site-based research in pipe jacking I3

drainage at the pipe interface
diminished by the excess water.
The compressed nature of the intert

being  greatly

face
plots makes 1t ditficult to evaluate the
cehaviour during a4 single push.

in

1
N - . N R -3 . .
CLoO0sErvatlons mayv be me Jde:

siress
cround
Resuis from

[N v

CVPICAE TSNS dre presenia

y

(1) There 15 excellent correspondence between
the responses of radial. shear and pore water
pressure profiles during pushes. providin
increased confidence in the validity of the

<

readings.
(b) Radial stresses vary rapidly over short
distances of less than 300mm and are

probably a function of local variations in
excavation profile.

(¢) In the drier ground conditions the pore
pressures are relatively small: after soaking
of the ground, greater pore pressure vari-
ations occurred and significant suctions were
measured. Pore pressures tended to decrease
with increasing shear stress. but respond
positively to increases in radial stress.

{

the relatively high initial  permeability of the {d) The stress paths in the drier ground condi-
concrete allows a partially drained condition to tions suggested frictonal behaviour under
exist during the jacking process. By contrast. the increasing stresses. but “adhesive” beha-
behaviour during the wet conditions indicates viour of the interface (constant shear stress
closer parity between total stress and pore pressure under reducing stress. Adhesive behaviour
suggesting undrained  behaviour: the material appeared to dominate in the wetter ground
ng regained its saturated state and the local conditions.
8co
TOP
TZOo
BC0O —
STC -
aso —
2 3CT —
: 230 — T e -
é s -
200 e
Z 27 aD i
CHAINAG S hy
:_ BOT 1TOrM ) )
B0
sen - ‘ i
E 4 i

I ] P
L laed J{J "“A sl L\J hw;‘.‘%.&-ﬁyigu
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a0

CTHAMNAGE (M)

Fig. 9. Varation in pore water pressure.
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Pipe—soil interface friction

Figure 11 shows plots of shear stress against total
and effective radial stress tor all pushes in scheme |
from the stress cell in the invert of the pipe.
Considerable scatter 1s tllustrated. although best
line 1ts to the plots indicate onlv small ditferences
petween the total and effective stress behusiour.
This suggests that the material at the interface may
be unsatured and or a partially drained state exists
at the pipe-soil nterfuce with the concrete pipe

acting as a local drainage path. Such a draining
effect has been recorded during interfuce shear box
tests between concrete and clav.” where reductions
m moisture content ot 7--10", were measured in the
soil adjacent to the concrete. The resulting angle o7
sKin triction during the drv weather (571 was 203
The adhesion intercepts are probablyv unreiiahic
due to zero dritt in the instruments.

The increased moisture content of the ground.
and in particular within the interface zone. during
the latter part of the drive has resulted in a



Site-hased research

o
)
o

., ECTTOM ‘
430 4 ' P PUSHES Om-285m !

LALE oty

1
.
. :
| i (a) :
120 : : - . : |
296 o 200 400 £00 800
SIGMA (kPal
500 - |
i 80TTOM ;
| 3 P.PUSHES 28 6m - 52.7m) ;
400 ‘1‘ [
| |
|
_ 300# «! *
3 |
3 | : -
3 | } -
= 2004‘ B - U 2 — 122'
= } //"ff" i
| LV I |
100 L * i
l:'.
o -
L ;
i ; () i
-100 + ; r - - : : !
-200 0 200 4C0 800 800
SiGMA  (kPa)

in pipe jacking 17

500 - ‘
, | 30TTCM ]
{ P PUSHES 0m -28 &m} i

¢c041 1

Faodd kit

830 8c90
SIGMA " (kPa)

co
T . BOTTOM "

| (.P. PUSHES 28 8m - 52.7m}

i
10 «; .
! i
‘
200 | .
K i ‘ .
Q. |
= J | — 135" |
} am = :
> | . -
< t i —%a %a
. . \
‘ i
2 |
1
i
!
(d) |
;
-200 0 200 400 800 20

SIGMA " (kPa)

Fig. 11. Shear stress radial stress relationships: total and effective stress responses prior to heavy rain (a and by and after wetting
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reduced angle of skin friction (0') of 13.6°. In fact
there 1s some suggestion that at higher radial
stresses the interface shear stress becomes almost
constant. suggesting behaviour akin to undrained
adhesion.

[t seems likelyv that the repeated passage ot pipes
subjects the interface to large shear displacements
causing the rrictional behaviour in cohesive ground
to be controlled by residual strength mechanisms.
A tvpleal value of Oreggua tor low-plasticity glacial
clav is given by Lupini e¢r ol as 253 : the
measured interface value of o of 20.3 suggests
an interfuce reduction factor of 0.8, Under un-
drained™ conditions at the end of the drive the
ratio between the interface shear strength and the
undrained strength of the clayv 1s about 0.3-0.6. not
disstmilar to factors used for design of piles.

Jacking force analysis and design

For a pipe resting within a stable tunnel bore a first
approximation to the contact stresses may be

obtained from the elastic solution for a solid
elastic cvlinder resting in a cvlindrical cavity.” The
contact width is given by

h = 1.6 Pukd Ceit - I
where Pi i3 the contact force per unit length.
Kd=D.D~+D — D Dy s the mternal diameter
of the cavity. D iy the external diameter of the
pipe. Ce=1(1 4)1?) Fy - —;!%) 5. Ey s the elastc
modulus of the soil. £~ is the elastic modulus of
the concrete pipe. # i1s the Poisson ratio as tor £
and the contact normal <tress  distribution is
given by

RSN -
N o— _-_11 | | E— \x A
T g
where =2 2 and 4ois the dostanee o either side o
the centre line of the area of contact.
; : : TN L
In this case the pipes weighed 17.7kNm ™" and

using
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1 this case the resistance to jacking will simply
ne due to the frictional resistance at the base of the
roself weight. Using the measured
o o of 19 the caleulated
KN m T about 130,

talostressy vl

“tonal resistance is ol
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imittal part of the drive of "2kNm . The
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e trictionad resstance.

¢ much higher resistance over the Luter stages
may be due to greatly ncreased contact between
pipe and ground due to swelling of the clayv and
hence closure onto the pipeline. Certainly when the
instrumented pipe was re-driven a short distance
from the jacking pit after retrieval from the
reception pit. significant contact between pipe
and ground was observed (Fig. 12). An alternuative
suggestion is that of the model proposed by
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Haslem.” whereby undrained adhesion s assumed
t dct over a contact width given by the elastic
solutton in Egn (1) above. [t is ditficult to know in
“his case exactly what undrained adhesion ulm o
' ‘ from the

1

measurad

R R TN Tian B ey .
Tosstanes o7 o9 kN T UV O2N S
D - i . -
ST TR PO W R comparss fo

ror of measurad values tor the later stages

Two further aspects have to be included in
calculations of overall jacking torce. The face
resistance in this case is low at about 120kXN.
presumably because hand excavaton of the clay to
a slightly greater diameter than that of the shield
was taking place. Use of the shield to trim the full
annulus of the tunnel at the race could give much
higher loads.

It should also be noted that jacking forces
tended to be larger after a rest period. although it
is known that this effect tends to be greater in
high-plasticity clays. This effect appears to be
infinitelv repeatable. and is presumably related to
dissipation during rest periods of pore pressures
senerated during pushes. but the exact mech-
anism needs turther investigation. An attempt has
been made to relate the proportional increase in

jacking force during a stoppage to the length or

the stoppage. on a logarithmic scale-—see Fig. 13
There is considerable scatter but some trend is

discernible. The maximum increase even for quite
lengthy stoppages is abour 030 and this would

scem o be o reasonable tuctor to include in
predictions of jacking force in such low-plasticity

clavs.

Pipeline alignment

Fig. 13, Increases njacking roree during stoppages.

string o take a zig-zag course. Known o as
“wriggle”, which results 1 detiections at pipe
joints. Throughout the research. charees in pipe-
iine alienment have been monitored byvocarrying
out fine and level survevs (usually dativy for the full
fonath of the tennel during the consrrulnon

The ovesulimg plot for :
iz 0 Within the mitatons of coasurament
accuracy. the pipe line profiles did aot change
hetween successive surveys. Thus at least i these
ground conditions. the full pipe line will continue
to tollow the path traced out by the shield during
excavation.

Of more importance to the performance of the
pipe joints than the line and level deviations are the
resulting misalignments between successive pipes it
the joint between them. The angle j§ (in three
dimensions) between pipes may be calculated from
line and level readings. or much more accurately
measured by the joint gap instruments. The
resulting values appear in the final two plots of
Fig. 14, In this well-controlled pipe jack the angle
15 generally less than 0.5,
0.5

It 1s sometimes suggested that pipe joints
straighten significantly under load. Figure 13
shows a typical varation in fp during a singlk
push. Application of the jacking load has negligible
effect on f, as does its reduction to zero at the end o7
the push. although j varies continuously during the
push. In these ground conditions 1t appears that any
attempt by the pipe line to straighten under foad i
restrained by ground reacuons. Normual ot
survevs, undertaken dunng breaks of \\'ork when
the pipe string is unloaded. are then suflicient w©
establish pipe misalignment tfor site control.

.-\ddition; Iangular deviations can occur at ,ioi:tt\.

tns praoject ars WD

and never more than

a lack OT ripe end sauareness,

need o be o!xx; LA

ang

L\.\ dt

P or pipes i

i oo Inobmm
However. an audit of a number of sumple pipes
from three ditferent British muanutucturers found
tvpical end-squareness angles much less than thisi i
scems unbikelv that ot ¢
will often occur du
Lsing pipes o

neles of greater than 00

ond sguareness wher

Ao

Pipe load paths

The joint gap stramentation dbho aiows G
location to be determined of the point
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maximum compression in the joint. that is the
point at which the two pipe ends are closest
together and maximum  stress is transmitted
through the packer. The variation of this point.
defined by the angle z. for the rear joint of the
mstrumented pipe throughout the drive is pre-
sented i Fig. 160 The point started near the
svvert. moved rapidly to the crown in a clockwice
direction. then all the way round the pipe in an
anticlockwise direction.

Assuming that the front joint behaved similarly.

but with a chainage lead of 2.3m. tvpical “load
paths™ through the pipe can be determined. During
rapid changes in z. the maximum stress points ar
the two ends of the pipe could be Y0 or more ous
of phase. leading to near-diagonal loading of the
pipe. However. at points of maximum j the vaice
of 2 13 almost stationary and loading is essentiaii
down one edge of the pipe. These alternative
loading scenarios are relevant to the design of the
pipe barrel for jacking loads. Because of the
relatively low jacking forces in this case the pipe
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strains were too small to allow accurate correlation
with loads.

Pipe joint stresses

The pipe joint stress cells allow direct measurement
of the stress distribution around a pipe joint. for
correlation with joint joads and misalignment
angles. In this scheme. because the mstrumented
pipe was close to the tront of the pipe string, the
load transmitted through the instrumented joint
was very low at about 150kN (15 tonnes). Also.

since only six joint cells were used they were guite
widely spaced around the pipe end and could only
give a crude indication of stress distribution
around the joint (Fig. 17a). However. these were
sufficient to demonstrate the important etfect of
stress localisation in misaligned joints: Fig. 170
shows the total jacking force being transmitted
through a single pressure cell Even allowing tor
the locallv higher stiffness of the
compared with the packing material to either side.
it is clear that only about an eighth of the pipe
circumference is loaded. This effect is of consider-

aressure cell
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tay Location of pressure cells and joint movement
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(b) Results from joint insttuments at maximum
misalignment angle

Fig. 17. tuy Location of pressure cells and joint movement indicators in instrumented joint. tb) Results from joint instruments at
maximum misalignment angle.

able importance to joint design for higher Jacking
foads and larger misalignment angles. and will be
considered in detail elsewhere.

CONCLUSIONS

Instrumentation

One of the main objectives of the research was to
develop suitable instrumentation and appropriate
procedures for monitoring actual  pipe  iacks.
the "sruprio“ to normal site opera-
s had to be selected or uc?sl" Ld o
perdie in the trgressive wunnel environment. have
mmimal etfect on the measured property and be
sumictently accurate and simple to calibrate. Where
possible. advantage was taken of the reduced
development costs of using commercially available
mstruments. The pipe joint pressure cells and jack
wad cells fell into this category and performed
well. The remaining instruments were specitically
Jdesigned and manufactured for the pipe iacking

sesearch and p“‘iformcd within srccxzimtzom With

e eveepion of the ground convergence indicator

which had 4 poor field perrormdme record. All of

ihe equipment was designed for easv incorporation
mto and retrieval from the permanent works and

subsequent re-use. The only connections between
the instrumentation in the tunnel and the surface-
based computer. which controlled the data acquisi-
tion. were a power cable and a signal cable. These
were disconnected and re-connected ai the same
time as the contractor’s lighting cable. All instru-
ment readings were recorded on u time basis for
correlation with a detailed log of site activities.

Pipe-soil interaction

Daw have been collecied on the overall jacking

resistance. including face resistance. and on ke

local imterface stresses between pipe and ground.
The interaction miechanisms i this case reffected
the short-term stability of the excavaton. In
general. pipe Jack shields are usuallv of slighth
larger diameter than the outside of the pipes: this
Coverbreak”  considerably reduces the  contact
between pipes and ground and hence the resistance
to Jacking. For sttt soils at low cover ccm' e
overbreak remains open and thc 'p5m‘s' side atong

the base of an open bore. This happen

most of scheme 1.
Detailed examination of mndividual mosies huas

highlighted a partially drained

esponse. The data

fricional material
suggest that under tvpieal
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radial stress fevels, slippage occurred at the inter-
Tace between the pipe and soil and not within the
The response appears to be related to the
magnitude of the radial stress. surface character-
<rics of the nipe and the composition and moisture

sotl iself.

. o il Tris sueeested that the \‘oi‘ at
Sooviaoe vas Inoan unsawdrated state (even in
nindli, surated groundy. The time between

excavation and the arrival of the instrumented pipe
allowed the surface to dry out. with additional
drainage taking place during the shearing process
as 2 result of the relatively high permeability and
absorbtion of the concrete.
rpipes sliding in a stable bore. the jacking
load can be assessed from simple pipe selfweight
shiding resistance. In cohesive soil a residual
friction angle from shear box tests should provide
sultable conservative values for the interface
friction angle. though allowance should be made
for the effects of misalignment (an increase of
about 1375} and for increases during stoppages
= 30", 1n this case) unless continuous working is
used to prevent the latter. Face load needs to be
added to pipeline resistance. but 1s highly depend-
ent on excavation procedure. In softer clay a
calculation based on undrained adhesion may be
more appropriate.

Pipe joint behaviour

The transter orf load through pipe joints i3
dominated by effects of angular misalignments
hetween successive pipes. These misalignments
oceur due to varations from exact line and level:
once they have occurred thev appear to change
sttle eliner due o application of jacking load or
~ussase o subsequent p;\m Thus once
e

Jriticdd enment s established. il pipe joimnes
~assing that chainage will pe atfec d byt
Typcal misalignment nglcs on a nominally
straight drive. within specified line and level toler-
ances. were found to be mainly between 0.1 and
0.3 . but could reach 0.3 . Significant stress concen-
trations were observed at the jomts even when a
uch as fibreboard
wis Usedd and these correlated weil with the jomnt

< Theestat

packer of compressible material s

Plishment of actua anzular
3.@\&;110:‘» ved 1 practice atlows reasonabie
w.oin rerms of allowable angular mis-
alignments to be considered. instead of orinaddition
to current limits on line and level.

speciiadii

to
)

Pipe barrel loading

As the pipe string “wriggles™ through the ground.
the angular orientation of the position of max-
imum compression moves around the joint. Tt the
senires of pressure are at the same angular position
i both ends of o pipe. the load 15 transmitted
cssentially along one edge of the pipe: if they are
out of phase by 180 . the pipe will be loaded across
a diagonal. In this scheme. with the instrumented
pipe close behind the shield. the maximum phase
ditference appeared to be about 907, but was close
to zero in situations of large misalignment angle.
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A Case Study of an Instrumented Microtunnel in Fine Sand

Mark AL Marshall

CoeNony oteder g LT

weorge W B Militzan
Thiversiny ot Oxford UA

SYNOPSIS: A man-entrv size microtunnel in fine sand was monitored in 1994 as part ot a programme
of research into pipe jacking at Oxford University. Measurements of jacking forces. radial and shear
stresses at the pipe-soil interface and ground movements were made. Selected data from the field
measurements are presented and discussed and conclusions drawn.

1. INTRODUCTION

1.1 General

The use of microtunnelling and pipe jacking for
the installation of new sewer pipelines continues
o be emploved UK. To gain a better
understanding ot the technique. a research
project was established at Oxford University in
1986. The programme of research 1s supported
by the Pipe Jacking Association. the Engineering
and Phyvsical Sciences Research Council. and
five UK. water companies (North West
Northumbrian.  Severn Trent. Thames and
Yorkshire) Milligan and Norris (1993) describe
the programme of research: results from the first
two ostages are summartsed by Milligan and
Norris (1994) The current stage of research
started 1t November 1992 and involves
monitoring actual pipe jacks under construction
by inserung a speciallv-instrumented pipe into
the pipe sring. To date four schemes have been
monitored and this paper presents a case histony
ot the second of these. describing the monioring
work and presenting some of the results,

1.2 0
The S svstem of umits has been used
throughtout this paper. The basic units of
measuremant are:

leneth m (matre.

(Newton

The derived units for suess or pressure are hPa
(1 kKN 'm™ = 1 kPa).

Conversion to Impenal units:

1 m = 3281t

kN = 0.1004 tonf.

il

1 kPa 0.145 1bfin-.

2. SITE DETAILS

2.1 Background

The reported microtunnelling took place 1n
Southport on the north-west coast of England.
The overall scheme was for the construction of
33km of interceptor sewer. using segmental
tunnelling. for North West Water. It involved
intercepting three exisung outfalls and also the
construction  of  two  mew  spurs  using
microtunnelling techniques. One of these spurs
underneath a very busy urban road (Nevill
Street) was instrumented and monitored during
construction. The fully lubricated drive. below
the water table. was 160m long in dense siln
sand. average depth to axis was aboutr 7 4m and
the size was of 1.0m inrernal diameter. 1.2m
outer  diameter. Buovaney  theony  gives 2
negative self weight for the jacking pipe
equivalent to -3kN m in water.

A long-section. exaggerated vertically. ilustrates
the microtunnel in Figure 1. Miller-Markham
carried out the microtunnelling using a tull-face
sturry tunnel boring machine.

22 Cround conditions

I'he stratum below the road pavement w1 depth
of about 3.3m is acohan (wind blown: -and.
comprising medium dense silty tine sand The
tunnel passes through the stratum underlying the
acolian sand.  This material 15 alluvium.
conststing principally of medium dense grey fine
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Figure 1 Long section of the Nevill Street
microtunnel

sand. Bedrock, Mercia mudstone. typieally lies
at about 24m below ground level

As part of the Client's site investigation. a
borehole (No. 14) was sunk close to the centre
line of the proposed microtunnel - details are
presented in Table 1 The particle size
distribution for the alluvial sand 1s shown in
Figure 2.

Table 1 Borehole details

Desenpuon

E Depth m
|

I . -, N
o0 4o Road pavement - tarmac over
1

D40 -3 en Meadium dense fine to medium

SAND with occastoral angular
shell tragments up o e grave
stze Rare ancular rine o medium

sraveito 1 30m i

B 1>
R G

o Medium denge siltv tine SAND !

amd ar h oceasional Jar <hol]
fond of with occasional angular <heli

|
|
i| borzholes fragments up to 3mm Beconuny
’ less silty wath depth. medium
sand content mncreasing Organic
N pars

i

Is

|

;

\

'

Average permedbthy 2x 12 ms

Shear

renuth parameters

SEORN M 0 )

Since undisturbed samples of granular material
are difficulr to obtain. emphasis was placed on
Standard Penetration tests(SPTs) - results shown
in Frzure 2 The average N value n the alluvium

15 16,

Groundwater in Nevill Street was about 2 3m
below  wround  level. Dunng  the site
investigations vanation in groundwater levels in
any one observanion well was minimal. fypically
1233 than U 2m. Since readings werz taken at
roughly  the same ume each day. it was
concluded that there 15 no significant udal
variation in groundwater levels.
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Figure 2 Particle size distnbution: Borehole No.
14, depth 5.5 - 6.0m
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Figure 3 Plot of SPT "\" values against depth
Nevill Street

25 Equpment

Fhe rmunnelhing machine used was the Super
Michno - supphed o0 Miller-Markham by
Okumara Heavy Industines - whichs ilustratad
in Frgure 4 A feature of the machine which has
been adapted tor the European and UK. markets
15 the crusher cutterhead. a universal head
suitable for excavanon in a wide range of ground



conditions. The overbreak at the cutterhead was
15mm on diameter relative to the shield which in
tum was 10mm larger in diameter than the pipes.

Figure 4 Miller-Markham 'Super-Mighty' TBM

In the jacking pit the variable speed thrust jack
unit is fitted with two hydraulic rams mounted
either side of the jacking pipe. Two strokes of
the thrust rams are required to complete the
jacking of one pipe. achieved by inserting large
pins into the assembly to move the reaction point
from the front flange of the ram to the rear.
Jacking forces were monitored independently for
the research project. Where possible. they are
measured by attaching heavy duty load cells to
the ram ends. With this particular jacking unit
however, it was not possible to fix the load cells.
so transducers were fitted to the hydraulic feed
circuit to monitor hydraulic pressures. Qutput
from the transducers was later converted to
jacking forces by calibrating the hydraulic
pressures azainst the load cells normally used.

3OINSTRUNENTATION

U LA RN IR

The research instrumentatior. scheme used on
this parncular site is depicted in Fioure 3
Instruments in the thrust pit record jacking
torces. The special instrumented pipe - inserted
at pipe number two - contamned the fotlowing
mstruments:

an Fwelve contact stress celis (CSCsy o
record locahised normal and shear stresses and
pore water pressures at the soil-pipe intertace
The active face of these mstruments have
friciional simihitude with the concrete of the
jacking pipes.

by Three joint  movement indicators

positioned equidistantly to measure movements
across the joint gaps.
<) The data acquisition hardware with
power supply.

To assist in interpretation of the huge amount
~t data. o comprehensive site diary was kept
Jdetailing shift progress. times ot lubrication and

line and level surveys.

3.2 Ground instruments
Surface settlements above the tunnel were
measured using precise levelling techniques on
a series of studs driven into the road pavement.
Sub-surface movements were monitored by
installing two inclinometer access tubes with
magnetic settlement plates at the locations shown
in Figure 6.
Tube Tuce
3 A
- - T T Pavement

Lcose
. Aeciian

Sand

s ) - . Medium
dense
allwyicl

Neia

Figure 6 [Inchimometer tubes

Change in tube profile was monitored frequently
during and after construction using a uni-axial
inclinometer torpedo with an automatic logger
Vertical movements around the access tubes
were montored using a reed probe triggered by
the magnetic plates. Depths to the plates were
recorded relative to the top of the tubes so levels
were taken on the tube tops at about the same
time.

4 PIPE-SOIL INTERACTION

A1 Duroduciion

The jacking load 15 a combmanon of face
reststance at the shield and line triction load
Face resistance 15 due to the amount ot
penetration resistance of the cuming edgze and
any measures taken to stabilise the face. te
slurry pressure. as 1s used with the Super Mighty
microtunnelling svstem  Frictional resistance



“(eounisul sy U
s1I8oNPsUDY
anssaid
oNIPAY AQ
paon|dol) s|82
pO| $OO[ “ON 1

\
/
\
/, .
S
P \
, \
\
\,
. 7
( ()
(-
Yoy
A
. .-
_ (e o
Hun : - ( o
JUBDUIADDICISI g
I OMN
"
\ ,
_ _ -l
“

14 Bupoor

S0P
JUDUUBAOLL
juof ‘oN ¢

JWDYIS UOLIEIUMUNIISUL YIIBISIY] ¢ amndry

"SI0
JUBUIDAOUL
b or g

(adid 8y} jo doy by ¢

PUD (WoPO achd sy ul g
JUBH pUD PYa) B} uo U ¢
1OAS] SXU | Q)

SID0NPSULI BINSSTHU

a1od Buyniodinouy

'SIDD SSANS JORIUOD) TON |

adld pajusauunNisy|



Jacking Force: kN

Days elapsed

around the instrumented pipe was measured
during the pushing of the pipe string allowing an
estimate of line friction load to be made. An
cxamination into pipe-soil interaction dunng the
srported scheme follows. Construction relared
swrers including pipeline misalignment. the use
0 pressurised  lubmcant. and the eifect of
stoppages will cach be investigated.

1 -
instrumentaticn
faiure
‘ o
—_— wWg o
srifis -
6 - Ml o
— -_d' o
2 - ,
) _—
0 S
0 20 40 60 80 1C0 120 14C
Distance: m
5CCG

¢} 20 40 &0 8C 10C 120 140
Distance: m

Figure 7 Jacking force record

1.2 Jackmy forces

The measured jacking loads together with the
progress record are depicted in Fioure 70 The
record can be divided nto five different areas
which appear to correspond to the pumping of
lubricant. Average finctional resistance ijacking
force divided by length of pipeliney 1s shown on
the plot and Table 2. The increase i force to
416KN m between 63m and 106m can probably
be attributed to a break 1n lubricaning caused by
a pump tatlure. Once lubrication recommenced.
after two or three pushes when higher jacking
torces were recorded. the average increase fell
SOIKN mLomore than a tenteld reduction n
jacking load.

The overall average increase in line fricton is
22 7kN m. equivalent to about okPa. Craig
(1983) gives typical friction limits of between
10kPa to 15kPa for unlubncated wet sand.

Table 2 Jacking loads

Distanice Lubncation Measure average
m frenon
|
i AN Loy
y-22 fraquent pumping o CAd
i B
24 - 32 | trequent pumping 206 Sdo
52-05 | mnfrequent 9.0 239
pumping
65 - pump tallur2 416 1103
100
106 - frequent pumping 31 08z
126
0-126 227 602
(all)

4.3 Face resistance

From the machine operator's driving records. the
average face pressure applied was 0.64kg'cm”.
equivalent to a face resistance of 76.6kN.

A method for predicting shield resistance from
"Standard Pipe Jacking Construction System”
(author unknown). a manual of Iseki Poly-Tech.
Inc.. which takes into account the N\ value as
determined by SPTs 1s given by:

P - 132=.D_N (1

3 S

where P_=shield resistance (kN and

D_ = external diameter of shield (m).

For this scheme:

N\ = 16: and

D =122

oiving Po= 80 0kN Measured race resistance
plus P_gives a resistance of 137K\,

The constant force required to push the shield
mto the excavation can also be measured ot the
vertical axis of the jacking torce record. Since
the jacking load 1s non-hnear. the intercept of
forces measured over the first 22m is taken. the
magnitude of which is 392K\ The difference. ot
over HUOKN. 13 hkelv due o an
underestimate ot shield resistance fromeqn. (1,

most

45 Lo and ioved conrog

A laser was mounted 1 the pit bottom for ane
and level control with the beam beinz picked up
on a target positioned within the machine
mounted survey device Steering to line and level



Daviation fror axis (1nm)

Misalignment angle, Beta: degrees

15 achieved through four steering jacks
connecting front and rear sections of the shreld.
Control of the jacks is from the operater's
conrol panel through the selective articulation ot
herelevant steering jacks. Resulis from a line

ood fevel sunvey camed out along the pipeling

1C0 -

iire

RIOE lavel

150 - fight, pelow

-200 - :
0] 20 40 60 80 160 120 140

Distance: m

a Pipeline alignment survey

10 -
08 -

|
06 -
0.4
0.2 -

A A ~
0 AN, TV WY
o 20 40 60 g0 100 120 140
Distarce: m

b Farianon of musalignment angle. Beia
Frgure 8 Pipehne misalignment

The plot shows that directional control was
poorest at the start of the drive. bur rematned
withm allowable tolerances. Atter about 30m
however, steering adjustment brought both line
and level alignment onto axis with very httle
deviation  after  that.  Detlections in the
mnstrumented pipe joint were monitored using the
joint movement indicators.  The  resulung
misalignment angle data are shown in Figure 8b.
The ettect of misalignment on esverall jacking
loads and ncrease in radial stresses will be
minimal here because hine and level conmal was
so good

1.3 Ineerface stresses

The local interface stresses recorded around the
imstrumented pipe during pushing are shown in

Figures 9. 10, 11. and 12 for the bottom, left.
top and right locations respectively. The plots
show variation in total rad:al stress. shear stress
and porewater pressure against distance travelled
bvothe recording instrument. Etfective radial
stresses, caivulated by deducting recorded pore
oressures from total radial stresses. are shown in
Freure 13 The effective stresses shown tor the
centre-right  location are calculated  using
hvdrostatic pressures due to tailure of the pore
pressure transducer in that particular contact
stress cell. Average values from the presented
data sets are shown in Table 3.

Table 3 Average stress values (kPa)

Bottom Left Top Right

Front c sS4 49 87
c 0 7 13
- 1 10 9
u s 43 43

Centre | ¢ So @Q 34 53
G 6 43 16 12
. B 29 3 9
u 30 16 38

Rear - 32 Gl 32 40
- Xl 19 44 2
- s 16 31 2
u 48 11 38 44

* calculated using hydrostatic pressure

141 Perewaier Pressure

Plots showiny vanation in porewarer pressure. or
fluid  pressure.  indicate  that  hydrostatie
conditions mostly exist during jacking. Smatl
increases above hvdrostatic pressures during the
pushing of the first 31 pipes (about distance 73m
on the horizontal axes) and corresponding
increases in total radial stresses result from
pumping pressures during lubrication

142 Botom

Effective radial stresses and shear stresses alony
the pipe bottom are close to zero (suggesting no
contact between pipe and soth) tor most ot the
drive - the pipe is floating due to groundwater
and tubricant pressure. The only bottom contact
is shown to occur as the instrumented pipe
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passes through the tunnel at a distance of about
110m.

143 Lo

Contact stresses at axis level along the left of the
sipe are low at the front. but significant on the
ontre and raar - bigher stresses coour at the rear,
S

Unfortunately. contact stresses on the top-tront
position were not recorded due to instrument
malfunction. Stresses measured at the pipe rear
are much higher than those recorded at the
centre.

145 Righe

Data show contact during some pushes along the
right axis of the pipe. The magnitude of stresses
reduce from front to rear which is the reverse of
that occurting along the left side.

+4.6 General

Contact between soil and instrumented pipe only
consistently occurs along the left (from between
the front and centre. to the pipe rear) and along
the top towards the rear of the pipe - all other
plots probably show interface stresses mostly
between lubricant and pipe. The mixture formed
by lubricant and soil produces a stable gel which
creates a low friction shear zone. The data
suggest a non-uniform gel around the pipe both
circumferennally and longitudinally.

4.5 Pipe-soil triction

130 Pushr 61965 10 63.423m

The compressed nature of the contact stress
records shown in Figures 9 to 13 makes 1t
difficult to evaluate pipe-soil friction behaviour
during pushing. A single push has been chosen
to tlustate the detailed response around the
mstrumented pipe. Figure T4 shows the change
10 contact stresses against ume during the push
trom 01,968 t0 63 423m. The three columns of
plots show the jacking force and vanation in
total radial shear stress and etfective
radial stress - tor clanty, tlud pressures have
been omitted.

Along the nght axis and pipe bottom shear
stresses and  effective radial  swesses  are
etfectively zero - mean values of shear stress are
2kPa and 4kPa for the bottom and rght ot the
pipe respectivels. These values are consistent
with the tvpical shear strength of a bentomite
iubricating shurry. The increase 1 total radial
stresses at these locations - beginning at about
15:32 - 15 due to the pumping ot lubricant
(pumped between 13:31:54 and 13:38:20).

Siress.

Tau: kPa

Tau: kPa

There 1s clearly contact between pipe and soil
along the left axis from around the centre to the
pipe rear. The mean value of shear stress at the
front 1s 6kPa (mean effective stress is 3kPa). but
at the centre and rear the values are 28kPa and

-20
-20 0 20 40 €0 80 100 120 140
sigma” kPa
a lop
100 -
' I Left P
‘ ‘ o 347
80 ~ = front = centre < rear Vs
60 - 5 . 38“7D
40 - ‘ !
20 - I
N recuction n strass Jue ‘e lubncation
| 5
0 . E 3
' !
-20 -

20 0 20 40 60 80 100 120 140
sigma'. kPa

b Left

Figure 153 Effecuve radial stress shear stress

relationship during the push 61.968 - 63.425m.

34kPa respectivelv, with mean etfective stresses
of 45kPa and 69kPa.. Contact stresses recorded
along the pipe top durning the push indicate
contact between pipe and sotl or soil lubnicant
cel - mean shear stress values are 8kPa at the
centre and 23kPa on the rear with respective
et stresses of [9hPa and 32KPa. The
refationship between shear and effective stresses
on the pipe. top and left. are llustrated in Figure
13, The data show a purely tricuonal response as
expected for the ovpe of soil. but zive differing
triction angles. Taking data from the top-rear.
left-centre and left-rear. where the range of
stresses are greater. fricnon angles vary tfrom
347 10 387 The laboratony determined angle
15 43
aives a skin tricuon coetticient range trom i) 31
to 0.90 - Potyondy (1961) gives a skin triction
coefficient of 0.87 between sand and concrete.

ective

which

of internal tricuon ¢of the sotl. o



1.3.2 Lubrication effect
The nearest lubricant injection points to the
instrumented pipe. inserted at pipe 2. were
placed at the following positions:
i Shield - nght.

Pipe 4 - richn and
i Pipe 8 - night,
This would explain the low contact stresses
along the right and the relatively high stresses
measured along the left. A lubrication gel as
illustrated in Figure 16 probably formed around
the pipe.

T

Figure 16 Lubrication gel around the centre and
rear of the instrumented pipe.

Considering the change 1n stresses with time on
the pipe left at the rear: after the initial increase
in shear and effective stresses at the start of the
push there 15 an almost linear decrease until
about 13:34:30 when stresses begin to increase
but then fall rapidly w0 zero from about
13:36:20. At the centre of the pipe the stresses
tollow a simular pattern but the increase and
sudden reduction occur about a minute earlier.
The reason for this can be attnbuted to the
pumping of lubnication slurnv. Similariv. the
change in contact stresses on the pipe top during
this push i1s mainly due to lubrication

The change n recorded flurd pressures due to
tubricant pumping ovpreally results o an
maximum ncrease of about 30kPa 103 bar)
above hydrostatic pressure. The ume over which
the pressure change occurs has been tound to
vary around the pipe. An example of this s
illustrated 1n Figure 17 where the increase in

measured flurd pressures along the left of the
pipe are shown.

At the front the pressure increase abowve
hvdrostatic 15 almost immediate and rises
cradually to a steady state of about 70kPa: at the
centre. there 15 avery small linear increase after
commencement of pumping until about 13:33:30
when a sudden increase takes place: fluid
pressure at the rear tollows a similar curve to the
centre but with a time lag of about 1 minute.

1C0 - _ -
| Let g |

80 L cerlre.

© :

c, '

< i

3 60

3}, '

%]

2 ; ;

S 40 3 / i

3 e /

o i ® /’/
20 - '

h'ydrdslalic pcféwater
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Time
Figure 17 Change in pore pressures due to
lubricant pumping - push 61.968 t0 63.423m
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Figure 18 Effect of lubricant pumping at leri-
rear during the push €1.968 t0 £3.423m

During this push it was found that the increase in
flutd pressure at the front-lett location matched
those recorded along the bottom and right of the
pipe. Along the pipe top however. curve shapes
similar to those shown for the centre-lett and
rear-left locations have been found but tvpically
with a greater time lag. These obsenatons are
also true of other pushes betore the onazinal
fubricant pump failed atrer jacking 31 pipes.
This shows the introduction of fresh lubricating
slurry. flowing from front to rear. had an easier
flow path along the bottom. nght and
circumferentially  around the front of the



instrumented pipe.
Figure 18 shows the reduction in shear and
effective stress on the left-rear with the
corresponding increase in fluid pressure. After
e ostart of pumping the stresses decrease.
smewhat erratically. unnl the merease from
crout 13:33:30 10 13:36:30. This 1s may be due
to lubricant pressure trom the nght of the pipe
rorcing it against the soil on the left. As fluid
pressures begin to rise sharply from 13:36:30.
contact stresses fall dramatically to zero. As the
change in flurd pressure reaches a steady state.
indicating the formation of an effective
lubricant zone. there is no further contact
between pipe and soil.
Fleven pipes (a distance of 27.5m) were jacked
without lubrication following the pump fatlure.
After this break - from about distance 75m -
contact stresses around the instrumented pipe
increase and there is no significant reduction
upon recommencement. The pore pressure
records also show that pumping after the respite
had no further eftect which would suggest that
fresh shury was no longer able to reach the front
of the pipeline. However. there was clearly still
a low shear zone acting around some of the pipe
as the stresses did not increase to give uniform
contact around the night, top and left as one
might expect if complete ground closure had
occurred. The continued existence of a non-
uniform low  friction gel is not ver fully
understood.

£33 Prodictng line friction

The self weight of the 1000mm pipe 15
equivalent to 8.1kN‘m: the buoyancy uplift due
o groundwater 1s 11 1kN'm. theretore the nett
foree acunz on the crown ot the tunnel wall 15
JKN m. The friction force due to pipe weight
mav be given by Wiand, Using a measured
fricion angle of 387" gives pipe triction of
2A4KN m (0.6kPa). This agrees closely with
measured friction trom the jacking force record
(see Table 2) when the line is fully pressurised
with tubricant 1.e. distance 0 - 22m and 106 -
126m.

A model tor ground loading in cohesionless soil.
detatled 1 Pipe Jacking Associanon (1993
aives the total trictional resistance. Fuas

=D . o
- —1u, - 0.)tand i
»7 v ”

—

where o, and o, are vertical and honzonal
stresses respectivelv: D is the diameter of the

excavation and § is the angle of triction. This gives
frictional resistance, F = 77kN/m (20kPa) for
unlubricated conditions. There can be no direct
comparison with measured friction from the
jacking record as lubrication began at the start of
he drive However. during the break in
lubrication. but with a soil-lubncant gel in the
ground from ecarlier. the measured frictional
resistance increased to about 42kN m (11kPa).

134 General

Measured contact stresses vary greatly around
the mstrumented pipe as shown above. It i3
unclear as to whether recorded contact stresses
are representative of stresses on pipes further
back in the line. Taking a mean value of the all
shear stresses in Table 3 gives a frictional
resistance of 30kN'm (13kPa) which falls within
the Craig limits for unlubricated wet sand (10 to
15kPa). The overall frictional resistance from the
jacking force record is about 23kN‘m (6kPa)
which is less than halt that given by contact
stresses. It is assumed therefore that soil-pipe
interaction at the front of this drive does not
model the whole.

1.6 Face stability

A record of the slurry pressure used to maintain
face stabiliy is shown in Figure 19. This
information has been extracted from the
operator’s driving records. Also depicted in the

100 -
Cy

s 80 S - -
3 — - —— —— —
_E_ GOI“- — . . o orsamm
» siurry -
g - pressure
EQEF
<
=20

[o— .

o] 20 40 &0 &0 120 126 14

Distance: m

Fieure 19 Variation of face pressure with
distance

plot 15 the theorencal face support pressure. c.
for cohestonless soils. The method of analysis s
deseribed by Athinson and Marr (1981 and

gives:

o, - yth - H) -y HID.T, -y H (3)

t by w



Jucking Force (Tonnes)

where v, = unit weight of water (9.81 kN'm’).
' = buoyant unit weight ot sotl.
D = diameter of the bore,
T = stability number (0.2 for this soth).
= hetght of sotl above the crown. and
i1=height of water table above crown
The caleulated support pressures decrease
linearlyv trom 73kPa to 48kPa because cover
depth decreases almost linearly. Hydrostatic
conditions are assumed with a constant head, H ..
In practice however. dewatering was taking place
around the reception shaft towards the end of the
drive which would probably result in lower
theoretical values than indicated. The average
slurny pressure applied at the face was 63kPa.
the average calculated value 15 62kPa. Although
there 1s good agreement between average values.
the difference between the upper and lower
bounds 1s probably due to assuming a constant
head of water for the whole drive. whereas depth
to groundwater level was monitored in the
inclinometer access tubes only - located at a
distance of about 134m. The slurry pressures
may have exceeded the calculated values in this
area by about 20kPa which 1s msuthficient to
cause outward movement or heave in this tvpe of
soil. Ground deformation was monitored as the
machine approached and passed the inclinometer
tubes. and no heave was detected.

4.7 Ntoppages

After a stoppage. a weekend or overnmight break
for 1nstance. the jacking forces required to
advance the pipeline may be much larger. Norris
{1992y and Marshall (1996). among others. have
reported this phenomenon 1n cohesive soils.

4C mingte
stcepage
280 - 8 mrwte 123 nirute
stccrage stcceage
260
I-‘.
-
- L b ]
240 - " l-. \
- L2 | -l-..- -
- - o= : "
220 - e Lt »
220 o L
5 % 126 102 104

Cistanca {m;

Fioure 20 Etfect of stoppages on jacking load

Data trom this site show no significant increase
i jacking forces needed to re-start pipeline

movement in the granular soil - see Figure 20.
The plot shows typical jacking loads with delays
for the introduction of new pipes.

= GROUND MOVEMENTS

S Duroducton

The pipe jacking technique otfers a good
opportunity for hmiting ground movements by
installing a nigid lining immediately behind the
shield. In urban areas where the technique 13
often used for the construction of new sewer
pipes. as in this reported case. this is a particular
advantage as ground movements may cause
damage to buried services. road pavements and
buildings.  Provided there are no large
displacements due to stress relief or face
instabilityv. pipe jacking should therefore offer a

good approach to  minimising  ground
movements - Milligan and Marshall (1993)

repoit on measured ground movements on three
monitored pipe jacks including this site.

3.2 Surtace setilements

The most commonly used method for predicting
a surface settlement profile is the Gaussian
distribution curve (Peck 1969) - see Figure 21.
settlement. S, 15 given by

S =S .expl-x" 2 (4

MARSY

Tunnel
axis level

Figure 21 Calculation of settlements

where S _ _is the maximum settlement over the
tunnel centre line and 1 is the distance from
centre line to the point of intlexion. O'Reilly and
New (1982) produced the following expression
for granular sotls:

where =, 15 depth to tunnel axis.
The value of S|, may be obtained by equating



Settlement: mm

the volume of the settlement trough .V to the
volume of estimated ground loss. It can be
shown that

In this paper. the calculations assume that ground
movement at the tunnel face 15 neghgible
because the face was continually supported by
slurry pressure. The onlv significant contribution
to ground loss 1s due to the overbreak where the
eround 15 excavated to a larger diameter. D
than the pipe diameter. D.. It 1s theretore
assumed here that

Equations (4) to (7) @ive a predicted profile as
shown 1n Figure 22

O =
2 - N
\ -
.4 -Predicted Smax =13 -~
-6 - Smax = 7.3
8 -
10 =
12 studs:4 cays
' 1]
14 - studs: 218 2ays
1s v
° incl tuce: 4 cays
43 -
.20 - .

-1 -3 -5 -4 -2 o] 2 4 5 8 10
Cistance from centre line: m

Fiaure 22 Surtace settlements after completion

The maximum settlement of S_, = 18mm
assumes that the full overbreak of volume
between cutter diameter and pipe outer diameter
15 comverted  inwo settlement. Observed
movements four days after tunnel compleuon
show a maximum settlement of only 6mm over
the centre line but a distance to the point of
inflexion ciose to the predicted value of 1 43m.
There are two probable factors accounting for
the discrepancy in magnitude of settlement:

1 Shearing ot the soil during settlement
will cause seme dilation of the dense sand
resulting in the volume ot the settlement rough
bemg less than the overbreak volume

) The bentontte slurrv gel - used as a
fubricant - prevents the ground completely
collapsing onto the pipes.

An altermative calculation, giving S, = 7.8mm,
assumes that the ditference in diameter between

cutter and shield gives the overbreak volume.
Allowing for some dilation, this alternative
predicted profile 1s in reasonable agreement with
the observations made four days after
completion. However, the calculation leaves
some doubt over whether settlements continue as
the bentonite sotl gel consolidate under pressure
trom 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. 1s much tlatter than predicted probably
due to the sutf road pavement. More recent
measurements indicate no further increase in
settlement.

3.3 Subsurtace movements

Deformation of the inclinometer tubes was
negligible - tvpically less than Imm - and
showed no consistent pattern. The magnetic
settlement plates however. did indicate some
downward movement around the tubes. The
vectors shown in Figure 23 illustrate the plate
movement.
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Figure 23 Ground movement vectors

6. CONCLUSIONS

| The instrumented pipe. and probably the
whole pipeline. was tloaung in the lubncant
tilling the wnnel bore.

2 Intertace stresses around the
instrumented pipe. are probably not typreal of
stresses along the whole pipeline. with exception
to those recorded along the pipe bottom.

3 The wuse of lubrication and 1ts



cffectiveness in completely filling the overbreak
void is the most important construction related
factor in line friction loads and ultimately
Jacking forces in this monitored drive.
4 The position of lubricating poinis close
> the nstrumented pipe resulted 1n a lubricant
ool around the pipe of vanable etfectiveness
Providing more injection points. alternating
between right. top and left might have resulted in
a more even distribution of gel around the pipe
and consequently. lower contact stresses.

s Measured friction angles are in close
agreement with that given by Potvondy (1961).
6 The Terzaghi model tor ground loading

in cohestonless soil gives an upper bound for
line friction loads.

7 A lower bound for the line tnction load
15 about 3kN'm (0.8kPa) where line 1s fully
lubricated and the pipes are tloating.

8. Misalignment effects were negligible. A
tactor of safetv of 1.2 should normally be used
to allow for misalignment when calculating
jacking torces,

9. The well-known empirical approach of
calculating  surface settlements predicts a
reasonable profile but of a greater magnitude
than measured.

10. Sub-surface settlements were very small
indicating an accurately balanced face pressure
as the machine passed the instrumentation array,
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The functions and effects of lubrication in pipe jacking

G.W.E.Milligan
Geotechnical Consulting Group, London, UK (Formerly: Department of Engineering Science, University
of Oxford. UK)

M.A. Marshall
Charles Haswell and Partners Ltd, Birminghan. UK (Formerl:: Deparmment of Engineering Science. Universiry
of Oxford. UK)

ABSTRACT The use of lubncatng fluids around pipe jacks to help reduce the jacking loads can be extremely
effective. but only 1f their function and etfects are properly understood and they are properly used. In cohesionless
sotis. their first purpose 1s o prevent the cround from collapsing onto the prpes and hence maintain a small
Annulus of oversut around the pipes. The tud must be able 10 form a filter cake n the surrounding soil, and must
be sutficiently pressurised  support the ground  In a stable bore, the pipes will then become wholly or partialiy
buovant and the frictional resistance between pipe and ground will be reduced. In verv soft clayvs. and in stable
excavated bores 1n sttt cohesive soils. the introduction of lubrication may be delaved unul the jacking torce
approaches its hmit and when introduced will sull be erfective over the full length of the pipe line

PINTRODUCTION monitored during construction. mMeasurements have

been made of the overall jacking force, using load
(0 is well established practice to use lubricants to cells on the jack rams. and of local radial and shear
reduce the jacking forces during construction of pipe contact stresses between pipe and ground. using stress
jacked tunnels. These may be bentonite sturries or  cells incorporated 1nto the walls of an instrumented

slvmer materials. or a combination of the two. They  pipe On several of the schemes [ubrication was used
are usually injected through ports in the pipes into the for all or part of the monitored drive
small overcut space formed by excavatng, whether by The effects of lubrication will be considered 1n
hand or using a tunnelling machine. 0 a shghtly terms of four simplified models of pipe-ground

greater diameter than the external diameter of the interaction, which have been shown by the research
pipes. However the true functions of the lubricantare  work to be apphicable in appropriate  ground
not alwayvs understood. and as a resultitis not always  conditions The first two apply when the excavated
Used as effectively or economically as it might be wunnel 1s stable and the pipes are simply able to shde
This paper considers the funcuons of lubricants and  alony the base of the bore. as shown in Figure | These
provides tllustrarons of their effects n ditferent
oround conditions drawn from fizld measurements
made during a major research programme

2 PIPE-SOIL INTERACTION

The interaction tetweesn pipes and soil during pipe
jacking 13 compiex: luis of considerable importance
ance 1t controls the butld-up of jacking foree as the
increasing length of pipe hne is jacked torward The
maximum allowable force may be controlied by pipe
strength. jack capactty. or thrust wall resistance. 1t
is likely to be exceeded before a drive 1s completed.
measures such as the tatroduction of interjack stations
or the use of lubrication must be considerad
Pyre-soil interaction has been investizated as
one aspect of 4 Majer research project based at Oxtord ' : ' a
Unnversiy ane full-scale pipe jacks have been Figure | Pipes shding in a stable bore
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Table | Intertace friction angles (§) 1n vanous ground
conditions

sotl type 517
London Clay i hizh plasticity) [3
St giacial clay dlow-medium plasuen i

\Weathered mudstone *

( A

Loose to medium dense sand and gravel 22

P

Dense siltv sand R

conditions apply either in cohesive soils ot adeguate
undrained strength. or in Tine sands above the water
table when capillary suctions are sufficient to prevent
the ground collapsing. The stability of the exacavated
face and bore mav be checked using analyses
developed tor normal tunnelling methods (Atkinson
and Mair 1981). These conditions were apparent in the
field work when contact stresses between pipe and
ground werg only measured at the bottom ot the pipe.
The resistance to shding will then usually be tncuonal
in nature. and given by the weight ot the pipes
multiphed by a switable interface triction coeficient
between pipe and soil. Values of the fniction angle
measured for concrete pipes in various uround
condttions are given in Table |
Alternativelv, in softer clavs. the interaction may be
more cohesive in nature, the resistance over a contact
width between pipe and ground being given by ax, .
where s, 15 the undrained strength ot the ground and «
a reduction coettfictent sumilar to that used in the
design of pites. With both these models it has been
found that the total jacking force n pracuce 13
npically 10 10 23°s higher than calculated. depending
on the straightness of the drive

Similarly there are two models for pipes 1n

unstable ground in very soft clayvs the «’rouru witl
c’.« sse around the pipe and the resistance to jacking will
hen fe iven by the remoulded undr:umd strength of

the soil acting over the full external surface of the
pipe  In cohestonless scils the ground will also
collapse onto the pipes. [n this case the radal contact
stresses can be calculated using a “pipe-in-trench”
analvsis based on the conditions onginally proposed
bv Terzaghi 1 1943) as shown in Figure 2. Resistance
to jacking is then obtained by multuplving these
L,On[flk.[ stresses by the appropriate value of tand
i Table 1+ The resulung resistance can be very large.
and onl\ short lengths of pipe can be jacked without
jacking forces becoming excessive [tots oanothis
situation that the use of lubrication has the grzatest
henetlt, but 1ts primary tunction 1s to suppert the
cround and prevent it collapsing onto the pipes

Figure 2 Model for ground loading in cohesionless soil
atter Terzaghi (1943)

3 STABILISATION OF COHESIONLESS SOILS

This paper is concerned with the use of stabilising
sturry along the pipe line: however 1t should also be
realised that the tunnel face must be kept stable (by
slurrv pressure. earth pressure balance, face boards
ete) to prevent inflow of soil and excessive ground
movements. Atkinson and Mair (1981) have prowded
theoretical solutions for the pressures needed to
support a tunnel bore in cohesionless ground. for
tunnels at normal depths below the surtace

O: :"‘/[)1/./ ll\

where 0- is the support pressure. v the unit weight of
the wround /) the tunnel diameter. and /', a stabthny
coefficient given in Figure 3 Below the wat*r table
the subme ﬂcd unit weight of the ground applies. and
the water pressure must be added to obtain the total
pressure

The lubricating slurn must be able to torm a
filter cake n (he ground_ then be pressunsed

Frgure 3 Stabiliy coerfcient for wnnel in cofesion-
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sutticiently to provide the necessary support. The
pressure required s not very great. except where the
cround water pressures are larze.

4 PIPE BUOYANCY

Fora pipe in a stable bore. whether in naturally stable
vround or ground made stable by tluid pressure. the
sffective weizht of the pipe will be reduced by uplift
‘orces Jdue to buovancy nany tluid in the overcut
Vath tvpical jacking pipes. parucularly the larger
<izes. in bentonite-based slurmes a little denser than
water. the uphift force will usually exceed the weight
of the pipe if the overcut 1s completely fitled. The pipe
will then be lifted and forced against the root of the
runne! This has been observed on several sites. both
srom level sunvevs mn the pipe line betore and after the
ntroduction of lubnicant and trom the contact stress
Is The cells at the op of the pipe show significant
Srtective radial and shear stresses. while those at the
bottom reuister only tluid pressure trom the slurny. as
shown in Freure 4

The resistance to jacking will now be greatly
reduced. A pertectly lubricated pipe jack would be one
in which the pipe was “weightless” due to buovancy,
and the overcut around the pipe was filled with
lubricating tluid The resistance would then only be
the shear strength of the lubricant. In a fresh bentonmite
sturrv. sheared at the rate typical of pipe jacking, the
shear resistance 1s neghigible. In practice the slurry is
likely to become contaminated by soil as the pipes
scrape against the sides of the tunnel bore and 1ts
shearing resistance increased. Shear stresses at the
intertace of up to about 2 kPa have been measured by
the stress cells. On a pipe of say 1300 LD and 1300
O D \wth an c\temal circumierence of 3.65 m, the
resistance to jacking would then be 11 3 kKN per metre
lenuth of pipe line. For a typical jacking force ot up to
S000 KN. a length of over 400 m could be jacked
without use of an interjack.

For a ptpe with positive buovancy. a triction
force petween pipe and ground would be developed
due to the nett upward torce For instance. the same
pipe as above would have a weight ot about :0 KNm
and dispiace slurm with a \uwht ot about 27 kKN-m
The nett contact force would be 7 KN m: the er"r‘cct ot
buovancy would be to reduce the frictional resistance
bv about 3%,

Atinal e
the intertace

e
W
L

|
|
v

ettect of the lupnicant may be to reduce
> fhiction coettictent between pipe and sotl.
in coarse soils this effect appears to be small.
presumabiy the contact s betwesn the concrete
surtace and the surtaces ol projecting particles of sotl.
with any lubricant scraped avway However in sty nine
cand a reduced interface fmetion angle of 137 was
measured on one site In this case s probable thata
boundary laver of mixed sitt. sand and lubncant was
Jeveloped

ot
32Ut
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Fiuure 4 Contact stresses on buoyant pipe

3 SITE JACKING RECORDS

S Inroduction

Jacking records trom some of the monitored projects
will now be presented to demonstrate the effects of
lubrication in different ground conditions. These

ccords show the total jacking force at the thrust pit.
measured bv the load cells on the jack rams. They
venerally show an approximately linear increase In
Jad\mu force with the length of the drive. this beiny
mterprbtcd as the frictional resistance per metre length
of pipe In addition. ther* is normally an mual
intercept or “face resistance”. representing the forces
acting on the shield or tunnelling machine. This may
be nc:ulmble as in a hand drive in which the miner 1s
excavating the ground to a slightly greater diameter
than that of the shield. %Itemamclx it may be quite
large. due to pressure on the face of a sturny- or EPB-
npe tunnelling machine. orira shield 15 being driven
into the ground to trim the excavated face

=

Cohestonless sods

Figure 3 shows a classic case of a tunnet 1n
cohesionless ground. sand and gravel below the water
table. drven using a slurry-type tunnelling machine
\o lubricant was used tor the first 20 m ot the drive.
and the trictonal resistance was about | OU kN'mM
Thereafter tull bentonite stumy support and lubneaton
was provided The 1200 LD pipes became buovant

and were observed to hitt by about 2Umm. ihe s1Ze or
the overcut. the nett torce against the root “ot the doi
was then small. only 3 10 4 KNm. and the total

>
<
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Ficure 6 Jacking torce record: tine sand

frictional resistance became about 10 kKN m.

For the final 80 m of the 213 m lonyg drive, an
interjack was used. and 1t is interesting to note that
when the interjack was berng operated. the thrust was
targely transterrad back to the jacking pitand recorded
by the load cells on the jacks This showed that hittie
resistance was being provided by the first 135 m ot
pipe hine 1t1s also important to note that. even though
the lubreation was introduced along the whole length
of the pipe. the frictional resistance of the first 20 m
was not reduced to the tullv tubricated value Once
cohesionless soil has collapsed onto the pipe and
closed the overcut annulus. it will not normally be
possible to force the soil away from the pipe and
establish a proper lubricatung laver. [t will theretore
normallv be beneticial to introduce lubncation as <ar:
i the drive as possible, though precautions will have
10 be taken to seal around the prpe at the jackinz shatt
1o prevent loss of slurry there

A second drive in cohesionless sotl below the
water table. but this time through fine sand. 1s
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(lustrated in Figure 6 This record is of interest
because a lubricating svstem was in use from the start.
but due to trouble with a pump was only fully
operational at the beginning and end of the drive, and
intermittently at other times. As in the previous case.
there was a factor of ten or more in the frictional
resistnace between the properlyv-lubnicated sections
and those with little lubrication. The lower absolute
values reflect the smaller diameter of the pipe in this
case. Again it is clear that there was hule if any
reduction in previously-established friction when the
lubrication svstem came back nto operation.

33 Colesive oy

Frgures 7 and § show two examples of jacking records
for pipe jacks through cohesive soils. The tormer
relates to a dnve in sutf glacial ull tboulder clay

Progress on this drive was quite slow because ot
frequent delavs while large bolders were dug out or
broken up L ubricaton was introduced after the first
>0'm. During the rext 13 m, the jacking torce steadils
reduced. and then mnereased throughout the remainder
of the drve at a lower rate. The reduction in resistancs
from uniubricated to average lubncated resistance i
this case was nearfy 702 Since the tunnel bore was
naturally stable and the overcut annulus had rematned
open, 1t was obviously possible for the lubrication
affect the full length of the pipe line. The fact that this
did not happen instantancously is probably a retlection
of the time taken for the overcut to fill with slurry and
the pipe become buoyant. ‘

The vers obvious peaks i the jacking record conaide
with weekends dunng which no jacking took place

Syrveys and stress cell readings indicate that some of
the slurny pressure and pipe buovancy was lost over
these penodsand the floating pipe tended to settle back
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Froure 7 Jacking force record: sutt glacial clay

onto the base ot the tunnel [n each case 1t toox further
jacking accompanied by injection of lubnicant to
reduce the jacking resistance to 1ts lubricated value
Had the overcut been Kept tully topped up with slurmy
at all umes. a jacking resistance close to the lower
bound of the measured resistances, of about 1.3
KN/m, would have been achieved. This represents an
average shear resistance of about 1.7 kPa on the
external surtace of the 1800 mm [.D pipes. and a drop
ot over 7375 trom the unlubricated value. At the end
of the dnve the jacking force became very erratic. but
the average increase 1n resistance dropped to about 2
KPa: the reason for this 1s not at present clear.

Figure 8 shows the jacking record trom a drive
in very sort alluvial clay and peat. The interface stress
cells showed that the ground had gencerally closed
around the pipe. The nttial resistance was about 23
KN m.equivalent 1o 4 4 kPa over the full surface area
of the pipe. consistent with the tullv remoulded
undrained shear strength ot the clay. Lubncation was
introduced when a large jacking torce was needed to
restart the pipes after a long weekend break. Within
some 25 m of further driving the average resistance
afong the full fength of the pipe line reduced to about
14 KN m. a drop ot some 44°%0: the average shear stress
on the pipe surface was then 2 4 kPa [t1s intersting
that the lubnicant was able 1 be equally erfective over
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¥
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>
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Figure 8 Jacking force record. sott clay and peat
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poth the originally unlubricated length and the newly
excavated length; presumably the slurry was able to
some extent to displace the soft clay in contact with
the pipe.

Use of lubricants on pipe jacks through heavily
overconsolidated, highly plastic soils needs further
investigation. [n these soils. plastic yielding and
sottening of the soil around the tunnel excavation will
occur due to the relier of stresses n the ground. The
vround may then close onto the pipe and develop high
contact stresses. leading to high jacking resistance
despite a low intertace triction angle. Use of water or
aqueous slurries to induce buovancy or act as a
lubricant may be counter-productive. since the
presence of tree water will accelerate the swelling
process. The use of slurmes containing chemicals
which moditv the ¢clav chemistrv and inhibit swelling.
Or non-aqueous polvmer matenals, appears to have
constderable promise.

6 CONCLUSIONS

[t has been shown that the use ot a bentonite slurry or
similar lubricating flutd may be very etffective in
reducing the resistance to jacking or a pipe line.

In unstable ground conditions. the primary
purpose of the fluid 1s to support the excavated tunne!
bore and prevent collapse of the ground on to the
pipes

Secondlv. when the bore s stable. either due to
the natural strength of the ground or to support from
the fluid. the pipes will become partially or comypietely
buovant within the tlwid: this in twrn will greatly
reduce the contact forces and hence frictional
resistance between pipes and ground.

Finally. in approprate ground conditions. the
iubricant mav reduce the trction coetficient (interface
friction angle ) between the pipes and the ground

In unstable ground. particularly coarse granular
sotls below the water table. 1t 1s usually best to stan
full ground support and lubrication as soon as possible
arter the start of the domve. since it mav not
subsequentiv be possible o reduce the large jacking
resistance developed where the ground has already
collapsed. However it the winnel bore 1s stable. or the
drive 1s through very soft clay, introduction of
lubrication may be delaved unul the limiting jacking
force is approached. since it will be effective over the
tull length of pipe line once brought into use.

The uses and etfects of different tvpes of
iubricant tor pipe jacks in high-plasucin clavs need
‘urther investizaion
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Site control of pipe jack alignments
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tinal alignment of' a pipe jacked tunnel mayv need to be kept within specified limits tor a

numoer of reasons {has been normal practice o specifv alignments in terms of maximum allowable deviations
trom line and level However joint intearine and pipe damage are related to jornt deviation angles. which are not
directly related o absolute values of errors in line and level, but to their rate of change. Field measurements and
theoretical models have demonstrated the need to control maximum joint deviation angles 1f senous joint damage
15 not to oceur under high jacking torces. A simple graphical method is presented which allows joint deviation
angles to be determined easily from line and level measurements. and rational decisions made about the steering
adjustments needed to bring an errant pipe jack back on line without inducing excessive joint angles

FINTRODUCTION

in the specification of pipe jacks in the UK. tolerances
nave been generally setat =75mm ror line thorizontal
deviavons and =30mm for level (vertical deviation)
These values have been acceptad as a reasonabie
compromise between the requirement of the client for
an accurately aligned pipeline and the need of the
CONITACION 10 MARE SIELTING COITeClions {0 cope Wi
ground conditions etc As far as the joints
$are Cone BS3vtbPart 12001988
requares that thev must be able o withstand an angular
deviation of 7L for pipes of nominal size DNOGO 1o

- for pipes of nominal size DNI330 10
CR00 asthout loss of warertichtness However 1t can

; i o b Cam T | -
S A S W S TO S AT and ndas oeen confimed oo

S
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PG 10
LU and o

A8 part of a research project
fferent and in some cases
ensure
)
n particuiar,
rular deviations at pipe joints may have o be
values smaller than those required for

and rational specitications should
cover this aspect. [t then becomes important (o be able
to check and control these angular deviations during
cuen This paper imtroduces a simple methed

tery

constru
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- CIoTi oD NN S
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LAt pipe jaeas e tennelhing machine or shield wiil

tend to stray off line. tor a variety of reasons. small
steenng corrections will be made to maintain the right

ine and levell as a result small angular deviations
Setween pipes will occur. These angular deviations
have two major etfects’ they tend to increase the local
contact stresses between pipes and the ground: and
iNe) cause serious siress concentrations at the joints
between pipes The former increases the overall
jacking load. and the latter reduces the abiliny of the
prpe jomnts o ransmit the jacking force without
Jumage 1o the pipes A tvpieal reduction in allowable
toad with joint angie 8 15 shown n Figure |

reductions are 2ven greater if plvwoaod or sohd tmber
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Froure 3 Actual joint mesalignment angles on two

Tradinonal control of hine and level 1s not
sufficient as a means of controlling the angular
deviations between successive pipes within acceptable
limitsot about 0.37 for transmission of large axial
forces. An extreme example of pipes within specified
tolerance for hne but with large angular deflections 1s
shownin Frgure 4. [n practice, the joint angles in well-
controtled pipe jacks are rypically 1n the range 0 to
.57 for example. two sets of measurements from the
tield work are given in Frgure 3 However, in difficult
ground condittons. or 1f stte control 1s poor. angles ot
07 or greater may eastly occur. oiten feading o pipe
damage.

Measurements ot the misalignment arglﬂs

were made. along with tunnel sunvevs at 2 number

stages of cach drive. on a otal of nine projects mth
different cround  condinors. cover depths  and

Jocations of the pipe within thc pipe

strings Two rmponant obsenvatons in atl cases were

that-

] the alignment of the pipe line did not change
sigmificantly as the pipe Liae was extended:
thus focal cumarures, onee established b\ tm
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application ot jacking toads or the passaze of
successive pipes Al the pipes are jacked foraard

cach 1oint et Seen suocessive nipes will be sutie

o the same anoular Jistornon as 7 opusses aorartouia

,LA

COINT DUT IS 1ol 2reNags s CoUMme NroTTone e

TIOTC CTSnY s s ne Toren e
IS otien Dol T RSl !
TS OCAen Ttk e CRID S Tl e

43 the drve provresses



HONOR OAK v

i

S N
B T '
L3 =
b o 40 18 2
CHAINAGE (m
= IEn
=
. 27
= Z
=
< -
= s I
s : '
= . ; 1
. ZU |
— |
= !
= -2D i
= |
= _20 i
= i i
4*/“ i
-Cu o
[e18;

)
nN
O
FeY
(@]
o}
(@]

HONOR CAK

PECH

ko~
|

BETA (U
{)
;

Cigure Vanatoen 1ot an

2w foad

747

COA Gy

R T A VTS R



Oy

()

Tis

¥

[
o)

v

r
a
fou
-
[¢%

-

U
=
.,
e}
47
v
(47

S{RRring COTTRCLONS 0 pIpe javk

748



Having demonstrated the importance of joint angles to
the successful completion of a pipe jack without
Jamage to the pipe. and the fact that deviations in hine
and tevel at the shield are sufticient to establish these
joint anules tor the duraton of the drive. a simple
sraphical m huq will now be desen bcd \\huh JHO\»S

0 he Jdetermine

: e
crment Ths then allows t"s an _m‘

Lor nat have occurred to be assessed on

and decrstons o te made abodl maximuim

2itowabie jacking loads or measures to reducz loa

oy othe use “of lubrication of tsertion of mtcrjad\’s It
also aflosws sensible decisions 1o be made about future
steenne corrections to ke2ep anzular deviations within

S H ! -
J.\.Lf',’,‘[.lh fe limis

ICONTROL PROCEDURE
The control procedure 15 based on the use of a control
dragram Fizure $1on which successive line and level
errors at the shield or lead pipe are plotted. For
example. consider the lead prpe to have line and level
arrors VL 7 plotted as point A on the diagram. The
pipe line is now advanced by one pipe length. say
2 3m. atter which the line and level errors are Y.
notnt B on the diagram. [f the tunnel 1s then to b)
advanced a further pipe length. pipe No 2 will end up
in the position previously occupied by pipe No. L. with
the offsets of its two ends given by points A and B It
pipe No | were o continue along the same ahgnment.
with no deviation at the 1oint with pipe No 2. the new
line and level orfser ront end would be given by
nomnt U with co-ordinates . \ L rosuen thate V- Vo
‘ Trandrii- 1 However if there ts an
dar deviation of joint of 0.1 onoany
. the r ont end of prpe Mol could end up
. on e circle with centre C and radius 7
= corresponding circle would hase
=10 37 radius 20 Ineach case the
of the circle would be given by 2 = /8. where
n radians an 15 the pipe fength:

for ..
chommoand © cuTeey

s
s atis

- P
[RIYEN =

i}
il

R =
01
ire
ine

- " bl
andford

/2

I
U <n
e

should be
aim would be
ro C"TOH v A bu[ without
exceadlng an angu I1rjomt deviation of, sav. 01 7. In
practice the actual deviations achieved mxght turn out
0 bc somguhat gre a'cr but sull acceptable. The ottset

I T T )
TAbionan aede <l

SOTTTLRS 0N
g

o head towards

at the end o' th vance of one pipe-length, point D.
<hould be within an area such as shown hatched.
sothin the clrcle woth radies 20 This would require the

sont end ofine Dite W o rrom orfet o oriser
D1othe necessan “dr\“m.ncn:s 10 the Sleening jaca:
Secnzoapdicate o the charge o direction rrom hine
O oohine B85 i the examiple shown this would
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indicate an adjustment to the vertical alignment but
little to the honizontal alignment Note that
ancular misalignments are controlled by rate of
change of offset. not by absolute values. For the next
pipe length the process 1s repeated. starting from what
are now the last two data pomnts. B and D On site t
would probabiy be most practical to have the control
dragram at a large scale on a plastic sheet. so that

~onts could be marked with a reit tip pen and casily
rzmoved once longer rezded. with the control
circles at the same scale on a transparent overlay

-
vl

oo

sheet,
The method castlyv allows  flexibility of
deciston-making, for instance corrections can be

deliberatelv biased towards controthing level at the
expense of hne should horizontal alignment be more
nnportant, tor instance for hydrauhc pertormance it
15 also possibie to plan “moves” ahead 1t at s
necassary to get an off-hne drive back accurately on
line by a particular chainage. such as at an existing
shaft. while ensuring that angular misalignments are
acceptable. Figure 9 shows how the situation of Figure
8 could be corrected over a series of pipe lengths The
diagram can also be used to assess the angular
deviations that have already occurred by plotting three
successive offset positions at 2.3 m intenvals of
progress. In this case points A, B, and D i the
diagram would be the actual measured offsets and the
angle would be determined by projecting AB to C and
finding the radial otfset CD
However possibly the greatest benetit on site s
psvchological. 1n emphasising to all concerned the
importance of keeping angular deviations smatl. and
sroviding a simple method of observing the actual
deviations occurring as the tunnel progresses. Also.
once clients are aware of the possibility of controiling
joint angles. it makes sense for them to include in their
pecifications clauses to hmit joint angles or. better.
relate allowable jacking torees to jomt angles.

CONCLUSIONS
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corrections on a rational basis while limiting joint
angles to acceptable values

Specifications tor tolerances tor pipe jack
construction may then logicatly be written to address
Jirectly the requirements ot the pipeline during
construction and in use Limits on hine and level
T e relaxed to mecet rzal resmmctions, for

i i LR
> riaton D oingrseniaees in U

cround. Tor

edraubic terrormance. of o emsure adeguate
cizarance tor later pipe or duct inserts. Construction
tolerances. to make sure that drives are completed
successtuliv without damage to the pipes. should
concentrate on joint misalignment angles in relation o
jacking force. pipe strength. packing  matenal
performance e
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THE INFLUENCE OF LUBRICATION ON JACKING
LOADS FROM SIX MONITORED PIPE JACKS

Dr George Milligan, Geotechnical Consulting Group, UK
Mark Marshall, Charles Haswell and Partners, UK
ipoth tormerly Department of Enzineering Science, University of Oxford. UK)

[. INTRODUCTION

Research related to pipe jacking and microtunnelling has been in progress at Oxford
University for more than ten years. Several projects have been undertaken. including small and large
scale laboratory tests. finite element modelling. and monitoring of full-scale projects during
construction. The monitoring involved the incorporation into the pipe string of a heavily
instrumentad but otherwise standard jacking pipe (Figure 1), along with further instrumentation in
the jacking pit. The instrumentation allowed measurement of overall jacking load, longitudinal
strains in the pipes, articulation and compression of the pipe joints, pressure distributions in the pipe
joints. and normal and shear stresses and pore pressures at the surface of the pipe due to contact with
the ground. In many cases, measurements were also made of ground movements around the tunnel
(Milligan and Marshall 1993), and all measurements were related to a detailed log of site activities
and periodic surveys of tunnel line and level. Full details of the instrumentation are given by Norris

1992 ) and Marshall (1998).

A total of nine schemes were monitored. This paper i1s concerned with six ot the schemes,
for which lubrication of the pipe string was used for all or part of the drive; details of the projects
are given in Table 1. The influence of the lubrication on the overall jacking resistance is considered
first. in relation to the ground conditions. These included stiff clays, very soft clay, fine sand and
cravellv sand: in four cases the pipe lines were below the water table. Measurements made at the
pipe-soil interface are then used to illustrate some details of the mechanics of interaction between
the pipes and the ground. and the wavs in which these were aftected by lubrication.

RECORDS OF JACKING FORCE
A Jacking force records
Site records showing the total jacking torces measured at the drive shaft tor the six schemes
are presentzd in Figures 2 1o 7. The jacking load is a combination of the penetration resistance of
the shield. and the tricuonal resistance ©» fonward movement of the pipes. The penetration resistance
¢ depends very much on the method of excavation at the tunnel face. It 1s not
v arrected by lubrication. and will not be considered further in this paper.

Frictional resistance shows up as the increase 1n total jacking force as the pipe string grows
longear. It is intfluenced by many factors related to ground conditions and construction methods. and
in the past has been estimated on the basis of experience. from which a range of apparent frict:onal
stresses acting on the external surface area of the pipe have been derived (for example. see Craig

(1983)). The word "apparent’ is used here because in most cases the pipes are only actually in
contact with the ground over a limited portion of their surface area. Recent research has shown that
in mans cases the trictional resistance can be calculated more reliably on the basis of simple models

to 1o

1

of soti-pipe interaction (see Miltligan ;md Norris (19980,



Scheme 4 > 6 7 8 9
Location Chorley Cheltenham | Levton Southport | Seaham Thurrock
I_ancashire | Gloucester- | East Lancashire | Countv Essex
5 hr: i London Durham
| Date Julv 199l | Dec. 1991 Nov. 1993 | Feb. 1994 | July 1994 | Jan. 1993
Water North Severn Thames North North- Anglian
Company West Trent West umbrian
Contractor Barhale Lilley Clancy Miller Donelon | AMEC
Pipe supplier | Spun Spun ARC Spun Buchan Buchan
Concrete Concrete Concrete
Pipe ID' (mm) 1300 1200 1500 1000 1800 1500
Ground tvpe Dense silty | Sand and London Dense silty | Stiff clay | Very soft
sand gravel Clay sand till clay/peat
Below GWL- No Yes Yes Yes No Yes
Cover (m) 7-10 +-7 6-8 53-8 6 35-6
Length (m) 138 384 73 160 510 260
Test pipe No. 16 @ 8>m No. 11 No. 2 No. 74 No.19
Excavation Hand Slurry Hand Slurry Open Sturry
method TBM TBM TBM TBM
Lubrication No'ves Yes Yes Yes Noves Yes
Settiement No Yes Yes Yes Yes Yes
measured

Notes: 1. Internal diameter 2. Ground water level
TABLE L. Details of schemes monitored

22 Parnial lihricaion
Figu*c shows the jackingr
nne sand and sandy silt. The pipe level was above the ground water table. and there was sufficient
capillary suction in the soil for the tunnel excavation to remain stable. As 15 usually the case. the
tunnel was excavated to a slightly larger diameter than the external diameter of the pipes. so that the
pipes were sliding along the invert of the tunnel and making only limited contact at the sides and
crown. The frictional resistance was then calculated simply by multiplving the weight of the pipes
{ne contact stress cells.

2 record tor scheme 4, where the uround consisted of dense silo

by the coetticient of triction between pipes and ground as measured by
Towards the end ot the drive. bentonite slurny with polymer additives was inimoduced: the lubrice

WAS oy parzml. in that the slurm &id not completely fill the zap tetween pipe and ground. but

niflcant reduction in rrictional resistance.
Partia lub ation was also used in scheme 6. but throughout the drive. so no comparisen



was obtained between lubricated and unlubricated behaviour. The tunnel bore was again stable, in
stiff London Clay, and the sliding resistance to jacking was low as the pipes moved forward on a
laver of clay and lubricant in the invert of the tunnel. However whenever the pipeline was stationary
the jacxir; torce needed to restart s llumj was considerably higher, giving the verv peaky jacking
reoondin Frgure 30 This }mmwour is tvoteal for drives through stiff clays. with the increases much

miore :tt.lri\’r,d in fhiigh plasucisy than in low-plasticity clays.

2.3 Fulllubrication, cohesionless soils

Schemes 3 and 7 were both pipe jacks through granular soils below the water table. In such
situations. the ground will collapse immediately onto the pipes and develop large frictional
resistance. The contact stresses between pipe and ground may then be estimated using some variant
of Terzaghi’s “silo” analysis (see Stein et al.(1989), Pellet and Kastner (1998) and Milligan and
Norris 11998)). and frictional resistance obtained by multiplving these stresses by the interface
friction coefficient. However, the tunnel bore can be stabilised by introducing a bentonite slurry to
fill the "overcut” between pipes and ground and pressurising this sufticiently to overcome the
groundwater pressure, form a filter cake in the surrounding ground, and then provide support to the
ground. The pipes will become buoyvant in the fluid, and in most cases the uplift force will exceed
the weight of the pipes; the pipes will lift and press against the crown of the tunnel bore, and the
frictional force will be reduced to that obtained by multiplving the (negative) buoyant weight by the
interface triction coefficient. In scheme 3 this resulted in a reduction in jacking resistance of an order
of magnitude. Scheme 7 was more complex in that periods of full lubrication were interspersed with
periods when the lubrication was less than perfect, due to problems with the slurry pump. However
the differences between the fully lubricated and partialiy lubricated resistances were again very

substantial (Figures 4 and 3).

2.4 Full lubrication, cohesive soils
Schemes 8 and 9 (Figures 6 and 7) were both pipe jacks through cohesive soils. but whereas

the ground for scheme 8 was a stiff glacial till. that for scheme 9 was very soft organic clay and peat.
In the former. the tunnel bore was stable. and the pipes initially slid along the base of the bore.

However the jacking resistance was quite high. much greater than calculated from the self weight
of the pipes and the interface friction coefticient. Atter introduction of full lubrication. the pipes
became buovant and contact with the ground was primarily at the crown of the pipe. as shown by
the contact stress cells. The increases in jacking loads after short stoppages. evident in the London

Clav. wer2 not apparent in this low-plasticity clay. However relatively large jacking forces w
needed to restart movement atter each weekend. Pressure cell readings indicated that the pipes b
settled hack onto the base of the tore arrer cach weekend. due presumabiy to dissipal fthe

iubrigam into the more permeable sand lavers present in the till. Restarting driving. accompanied
bv pumping of tresh lubricant. brought the jacking force down to the lubricated value.

In the soft clav. progress was almost continuous. with a slurry tunnelling machine and
double-shift working. No lubrication was used initially, but driving resistance was quue low due to
the low str e‘x: th of the ground. Atfter a weekend break. the jacking force needed to restart the
pipeline had risen substantialiy. and the contractor opted to use lubrication therea r‘:cr. The jacking

resistan c:.g‘ v dropped o a tower value.

IREEN o PPN
A .]“L‘\ N rey: NI

oy g ;'1

Thc measured jacking resistances are summoarised in Table 2: substanual reductions

LI



Jacking resistance were obtained in all ground conditions, but most particularly in unstable coarse-
grained soils. The lubricated values are also very much smaller than the typical values for different
soil conditions given by Craiz (1983). which are also included in the table. One important factor
>vident from the jacking records is the extant to which jacking resistance can be reduced for pipe
cngins which hace alreads Peen installed without lubrication. When the wunnel bore is self-stable,
wnd tiie oversut remains opern. wbricaiton can be introduced at any stage and will be effactive over

ull length of the pipe line. This was the case in scheme 8. When the ground is unstable, and has
peen allowed to collapse onto the pipes, effective lubrication cannot subsequently be expected to
operate over these lengths. Only in "new’ pipe lengths installed with pressurised slurry to stabilise
the ground first and then act as a lubricant is the benefit of lubrication obtained. This can be
observed in the records for schemes 5 and 7. Interestingly, in the soft clay of scheme 9 it proved
possible to establish lubricated behaviour over the full pipe length even though the ground was in
contact with the outside of the pipe before introducton of the lubrication.

Pipe Measured Cratg | Reduction
No. | diam. Soil tvpe Cover | Lubrication frictional (1983) due to
resistance lubrication
(mm) (m) (kN/m) (kPa) | (kPa) (%)
4 1200 | Dense silty 7-10 | Unlubricated | 23.1 4.2 3-20 59
sand Partial 9.4 1.7
3 1200 | Sand and 4 -7 | Unlubricated 100 22.0 10-15 90
gravel * L ubricated 10 2.2
6 1500 | London Clay | 6-8 | Partial 8.5 1.2 5-20
min
7 1000 | Dense silty 3-8 | Impertect 31,6 11.0 10-13 94
sand * Fuli 2.6 0.7
N 1§00 | Suft clay il 6 Unlubricated 48 7.1 3-18 69
Lubricated 15 2.2
L9500 | veny soft S5-0 ) Unlubricated | 25 | 44 | ix
f | clav and peat CLubricated 14 24
= Below water able
TABLE 2 Jacking frictional resistance for lubricated and unlubricated conditions

3. LOCAL INTERFACE BEHAVIOUR
3.1 Contact stress cells
The local interaction between pipes and ground. which gave rise to the overall jacking forces
discussed abo\e could be claritied trom the readings from the contact stress cells built into the side
walls of the instrumented pipe. These contained "Cambridge-tvpe” transducers which u‘;‘ owed the
independent measurement of beth the radial (normaly contact stress on the celi and t 12 shear sirass
v torward motion of the pipe. Pore pressures were also measured. and subtracted from the wotal
separits fom

stresses o give effective stresses. [n schemes 4 and 3 the pore pressure instrument Was s
the stress cell. although close to it. This was tound to complicate interpretation ot mpxdl uctuanuny

[958




eesshidinzing 51;'“1: tore *:-:I»' make coniact at the tunnel invert: a typical set of raadings
: the side of the pipe
occurred on the lett hand side w he the pipe string was negotiating a change in line due to a stee ering
correcuon to the left at a chainage of about 20m. Occasional contact at the crown may be a result
of irregular hand excavation above the shield. On the other hand. in scheme 8 the pipes were
cenerally buovant due to the use of complete lubrication filling the tunnel bore. Contact shear stress
measurements are shown in Figure 9. In Figure 10, a complete set of stress readings is given for one
Il Incation at the base of the pipe: the total normal stresses are essentially the same as the pressures
measured by the pore pressure transducer, giving confidence that both are operating correctly in
measuring the slurry pressure in the overcut. The effective normal stresses and shear stresses are
mostly quite small. indicating negligible contact between pipe and ground at the tunnel invert.

SN .

snear eSS, rom scheme o, are shown in Fizure 8. The only contact with

3.3 Pipe-soil interface behaviour

An enormous amount of data has been collected on interface behaviour from the contact
stress cells. Each forward push of the pipes produces in effect a large-displacement interface shear
test at each cell in contact with the ground. There is only space in this paper to present summary
plots from tvpical situations with cohesionless soils.

The first of these. shown in Figure 11. relates to the partial lubrication of scheme 4. The
pipes were sliding along the base of a stable bore and substantial contact was made only at the base
of the pipes. Line A on the figure is from measurements made under conditions of no lubrication,
with quite high maximum contact stresses; the behaviour is clearly frictional in nature, with an
interface friction angle between the concrete pipe and the dense siltv sand o 39", Line C relates to
conditions immediately after injection of lubricant. in this case bentonite slurry with a polvmer
additive. The overcut was not completely filled. but the pipe has beconie partially buoyant, with
reduced contact stresses. In this case the interface friction angle also seems to have been greatly
reduced. o a value of about 137, Line B relates to intermediate conditions after some dissipation of
¢ lubricant. with contact stresses and Interface friction angle both increasing towards the
unlubricated values.

Fioure 12 shows similar data trom scheme

cater tabie. When the lubrication S}Stern Was
arpited o counteract the hydrost prcssure. I‘om‘; ' V; er caxe and upny i ad. The pi
sere buovant and pressing <7;1inst 12 crown of the tinnel. Howener because the injection ports

were all along one side ot the pipe line. the pipes tended lso to te torced against the lett hand side
ot the tunnel. The effective contact stresses here were quite high. and gave a ranue of interface
friction angles of about 37.53=3 . At the crown of the pipe the contact stresses were rather lower, and
the interface triction angles also slightly lower: this may reflect some loosening of the soil at the

crown of the tunnel.

1

Al some points the contact bc*\\'ecn pipe and ground at the left side was lost an

(%
(%]

) !
abie o flow into the gap. with an immediate and dramatic reduction in normal and shear stresses o
practicaliy zero (Frgure 13)) At the same time the recorded pore pressure rose from the hydrostat
pressure of about 49 kPa to the siurry pump 'n:' rressurg of 75 kPa.
esults rrom cohesive sotils La\c proved much harder to interpret. At times the intertace



behaviour may be represented by ‘undrained’ behaviour, with almost constant adhesion values equal
t the remoulded shear strength of the soil. At other times the behaviour surprisingly appears to be
trictional even in terms of total stress; possible explanations for this are explored by Milligan and
Norris (19980,

S CONCLUSIONS

Lubrication has been shown to attect the jacking resistance ot pipe jacks and microtunnels
in a number of ways. In unstable cohesionless soils the most important use of slurry is to support the
oround and prevent it from collapsing on to the pipes. The next most important effect is to reduce
the apparent weight of the pipes by buovancy in the lubricant. and thereby reduce the effective
coniact stresses between pipe and ground. Pipe jacking pipes usually become fully buoyant and press
against the crown of the tunnel. Microtunnelling pipes with smaller diameter and relatively thicker
walls may not become fully buovant. but may approach a ‘weightless” condition. Finally the
lubricant may reduce the pipe-soil interface friction at the points of contact, and form a laver of low
shear resistance between pipe and ground elsewhere around the pipe. The overall jacking resistances
may be substantially reduced in all ground conditions by the use of lubrication. but most particularly
in unstable cohesionless ground.
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Pipe-soil interaction during pipe

jacking

G. W E. Milligan, MA, MEng, PhD, CEng, FICE and P Norris, BEng, MEng,

DPhil, CEng, MICE

The purpose of this paper is to introduce
some simple theoetical models of pipe-soil
interaction during pipe jacking, and relate
these to observations made in the field.
Ground conditions, construction techniques
and the degree of site control all influence
the resistance to jacking of pipes, but if an
appropriate model is chosen it should be
possible to predict jacking forces with a
reasonable degree of accuracy. Deviations of
the pipeline from a straight line increase the
jacking resistance. A new analysis, based on
observations from the field monitoring,
provides an explanation for the measured
increases in pipeline resistance for pipes
jacked through a stable bore; it highlights
the important factors and emphasizes the
need for careful control of pipeline align-
ment. Explanations are also sought for the
apparently frictional behaviour in terms of
total stress at the pipe-soil interface in firm
and stiff cohesive soils. Time effects are
shown to be important in high plasticity
clays.

Keywords: geotechnical engineering; pipes &
pipelines; tunnels & tunnelling

Notation

half-width of ‘trench ’ in Terzaghi analysis of

soil loading on pipe

b width of contact area between pipe and clay

C constant of integration

D internal diameter of pipe

D. internal diameter of cavity (tunnel excava-
tion)

D. external diameter of pipe

Young's moduli for soil and pipe material

F frictional resistance

H depth from ground surface to crown of pipe

H depth from ground surface to water table

K coefficient of earth pressure

L

l

N

o]

contact length between pipe and clay
half-wavelength of curvature in pipeline
lateral contact force between pipe and

ground

P, contact force per unit length between pipe
and clay

P jacking force

q normal contact stress at pipe-clay interface;
surcharge on ground surface

R radius of fan zone in failure mechanism

Sy undrained strength of clay

1% weight of pipe per unit length

z depth below ground surface

« angle of shear plane to the horizontal in
failure mechanism; factor relating adhesion
between pipe and ground to undrained
strength of clay

3 angle of joint between successive pipes

PR bulk and submerged unit weight of soil

Y unit weight of water

0 angle of friction at interface between pipe
and soil

A vertical displacement at pipe-soil contact in

local failure mechanism

Vabp Poisson’s ratio for soil and pipe material

a0, effective vertical and horizontal stresses in
soil

T shear stress in soil or at pipe-soil interface

¢’ internal angle of friction for soil

Introduction

During the past seven years a number of pipe
jack schemes have been monitored during
construction as part of a continuing programme
of research carried out by Oxford University. The
nature and extent of the research work has been
discussed, and results from the first five field
monitoring sghemes summarized, by Milligan
and Norris. ™"

2. Pipe jacking is a method of providing a
lined tunnel or pipeline by pushing an increas-
ingly long ‘string’ of pipes through the ground
from a thrust pit to a reception pit, with
excavation by hand or machine within a shield
at the front end. It can be used for a range of
pipe sizes with internal diameters from 250 mm
up to greater than 3 m, or even for box culvert
sections up to sizes appropriate for transport
tunnels. (Jacked pipelines of non-man-entry
size, less than about 1000 mm i.d., are often
referred to as microtunnels.) Success of the
technique is heavily influenced by the maxi-
mum jacking force required, since if this
becomes excessive it may cause structural
failure of the pipes, particularly at the joints,
overload the thrust wall which provides reac-
tion for the jacks, or even exceed the capacity
of the jacks.

3. The purpose of the research work was to
investigate the behaviour of the pipes, in
particular in relation to the performance of the
joints between pipes, and the interaction be-
tween the pipes and the ground, during instal-
lation by pipe jacking. For this purpose a
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specially instrumented pipe was inserted as part
of the string of pipes on nine actual construction
sites. A schematic of the instrumentation is
shown in Fig. 1, and some details of the various
schemes in Table 1. Briefly, the pipe instru-
mentation allowed measurement of the

(a) joint articulation, using joint movement
indicators

(b) pipe barrel longitudinal strains, using ex-
tensometers

(¢) joint stress distribution, using thin joint
pressure cells

(d) pore pressures and normal and shear
stresses at the interface between pipe and
ground, using contact stress transducers and
pore pressure probes.

In addition, accurate measurements of jack
loads and of pipeline advance were made at the
jacking pit, using load cells and a displacement
transducer. All measurements were correlated
with tunnel alignment surveys, ground condi-
tions and site activitites.

Theoretical models

4. It is normal procedure for the tunnelling
shield to have a slightly larger external diameter
than that of the pipes following it. This ‘overcut’,
typically 10-20 mm in diameter, reduces the
interaction between the pipes and the ground. In
fact, in reasonably stiff, stable soils the excava-
tion will stand open temporarily and the pipes
simply slide along the bottom of the bore (Fig.
2). The stability of the tunnel may be checked
by conventional analyses:” because of the

3 three-dimensional
joint movement indicators

6 tube

extensometers
4 pore
pressure
probes

12 joint

pressure cells
incorporated into
packing material

4 contact
stress transducers

relatively small diameters, most pipe jacked
tunnels in clay are stable during the construc-
tion phase, except those in very soft clay.
Cohesionless soils which are dry or fully
saturated will of course not be stable, but in
damp fine or silty sand the capillary suctions
may be sufficient to maintain temporary stability.

5. Tor pipes sliding in a stable bore, alter-
native models may be considered. The first
assumes that the contact is purely frictional, and
the resistance to sliding simply given by W tan 9,
where IV is the weight of the pipe and o the
angle of interface friction between pipe and
soil. The second model assumes that the inter-
action is cohesive, with the resistance per unit
contact area related to the undrained strength of
clay soil. Haslem” has suggested that the width
bof the contact area may be based on the
solution for elastic contact between two curved
surfaces

b=16(PukyCol? o))

where P, is the contact force per unit length,
kd = DLDE/(DL - D), Ce=(1- Vﬁ)/E +

1- vlf)/ E,, and D, is the internal diameter of
the cavity, D, is the external diameter of the
pipe, E,, Eare the elastic moduli of the soil and
pipe, and vy, 1, are the Poisson’s ratios for the
soil and pipe.

6. When the bore is stable, the overcut may
be partially or completely filled with a lubricant
such as bentonite slurry, to reduce the resis-
tance to jacking. An unstable bore may be
stabilized by injecting bentonite under pressure
into the overcut; in cohesionless soils the slurry

3 joint
movement
indicators

Fig. 1. Schematic of
pipe instrumentation



PIPE—SOIL INTERACTION

JACKING

5

DURING PIPE

pAROCRIQY ANISUAp wupa = G[(JA 4+

IALIP Jo Jaed Jop BULIONUOR ,  1S9JON

poanseat

SIA SIA SOk SIK SIX ON ON ON ON SIS

AN AANW AUANW AANW AW AW AW AW W JELDJEW 19HOR]

SOA S9K/ON SIA SOk SAA SaK/0N ON ON ON UONEILIGIY |

NSLL ALngg NSELL 29e) uad() NSLL ALngs puepp INSLL Adanls puey puey puey pueg{ PO UONRABIXG]

61 "ON ¥, ON 7 'ON 1T "ON w6y o 91 "ON 61 "ON 01 "N € "ON odid 150,

092 01¢ 091 G ¥8e 861 8L 0T 09 Wy

964 9 8—Y 89 4 01—4 1e—11 =4 Gl W oA0
auo)spnuu

jead/Ae)d JJos K1op| Aepo [RLRIE NS | pues Ais asuo(] Ae[d> uopuo] [varad pue pues | pues s asua(] | AP uopuo] AEARITTRYYY Aepd LR[S oy adAy punoary

dajotuelp

un (g1 wu gOg |1 w001 wu (051 ww (071 unu (04 |1 w081 w ()Ge | wuw )Oz1 [euanur odi g
ueyoang| ueyangg AU undg NV Mo undg 221U0Y) undyg ueyang NV ueyongg dotddns odig
AV uoauo(] LT Aue) Ay JeiIey] aeaeg] 1O AOQLISE] 10}2R1U0 )
Auedwod
ureduy URLIQUINYYION 1ISOM UION Sotue ], JUOL], UIoAY 1SoM ION EENNHING URLIQUINION] 1S9M ION dajem Jua)
G661 Adenuef vo61 Anf Y661 AIRNIQo] 6661 OQUDAON | 66T 49qUada(] 1661 Anf 661 YdIeN 1661 Adenuef 0661 1snany (]
Xass5] weangg QASRIUR | uopuo] 4 DIISI)SAIN0]F) A SBIUR| uopuo| s IPISIUL alyseIUR|
aoaany, ‘00 weyrag ‘Jaodinog ‘UOYAY [ ‘WRyus)oy) ‘Kotao]) MB() J0uo}] ‘pratsoier) RUOIIS uonedo’|
6 8 L 9 S v € 4 1 BIGEDIBITEIRIN

ON QWA

padojiuow sowdyss Jo sppIa(] I 90

29



MILLIGAN AND NORRIS

30

must be correctly formulated to create a ‘filter
cake’ layer around the cavity and then pressur-
ized to the support pressure required for the

soil. It may then also fulfil the requirements of a
lubricant. When the cavity is filled with slurry,
the pipes will become at least partially buoyant
and their effective weight will become small or
even negative. The two models described in * 5
may then be applied using the buoyant weight.

7. Unstable soils will be either very soft
clays or cohesionless materials. The former will
tend to close around the pipe and it might be
expected that resistance to jacking would be
given by the undrained strength (perhaps
reduced by some adhesion factor «) acting over
the full surface area of the pipe. Cohesionless
soils will collapse onto the pipe, and Auld’ has
suggested that the contact stresses between soil
and pipe may be obtained from Terzaghi's"
analysis for soil settling in a trench (see
Appendix 1). Multiplication of these stresses by
the interface friction coefficient will then give
the shear stresses resisting movement of the
pipe.

8. A final condition is that sometimes
referred to as ‘squeezing ground'. This generally
applies to heavily overconsolidated plastic clays,
where the conditions for overall tunnel stability
are met but high inital horizontal stresses cause
elastic deformations and local plastic yielding
around the tunnel sufficient to close the overcut
and allow at least partial additional contact
between clay and pipe at the sides and crown.
The resulting contact stresses may be quite
high. Increasing the size of the overcut to
reduce the likelihood of this occuring may cause
unacceptably large ground movements in some
cases. Injection of slurry to try to reduce the
resulting high jacking forces may exacerbate the
problem by accelerating swelling of the clay
with water from the slurry. This is a very
complex problem which requires further re-
search.

9. The simple models referred to in * 5 all
assume that the pipe jack is straight. Pipes may
be jacked along deliberately curved paths, while
even a ‘straightline’ pipe jack is never in practice
perfectly straight. Variations in ground condi-
tions, imperfections in the tunnelling shield,
variations in excavation technique, etc., may all
cause the shield to stray from the intended line
and level. Steering jacks in the shield or
tunnelling machine are used to make correc-
tions; with good control the pipeline alignment
can readily be kept within typical specified
tolerances in line of 75 mm and level 50 mm.
The resulting ‘wriggle’ profile of the pipeline is
typically a series of shallow oscillations about
the true line; overrapid correction of errors
induces excessive angular misalignment be-
tween successive pipes and should be avoided.
The effects of pipeline curvature on jacking
forces are considered later in the paper.

Results from field monitoring

Pipeline alignments and joint stress distributions

10. Successive tunnel surveys made during
the field monitoring work have shown that in
competent ground the path followed by the
shield establishes the line to be followed by all
subsequent pipes, as shown in Fig. 3. There is
no apparent tendency of the line to straighten
with the passing of successive pipes. The joint
gap measurements allow accurate determination
of the three-dimensional joint angle 3 between
successive pipes, which may also be calculated
approximately from the line and level measure-
ments; these are also plotted in Fig. 3. The
maximum joint angles tend to occur at the
peaks of the pipeline oscillations, with values of
up to about 0-3°, or occasionally 0-5°. Where the
control was not so good, joint angles of up to
about 1-0° have been recorded. These angles
will be experienced by all pipe joints passing the
relevant point. The site measurements have also
shown that there are only small changes in joint
angles due to application of the longitudinal
jacking forces.

11. Joint angles as small as 0-2° result in
highly localized contact stresses between pipe
ends, even with the use of compressible packin
material in the pipe joints. A simple calculation”
may be used to give a reasonable prediction of
these stresses, which have been confirmed by
the measurements from the pipe joint pressure
cells; for example, see Fig. 4. Under these
conditions the ‘centre of pressure’ of the joint
stresses will be quite close to the edge of the
pipe. As the joint angles reduce, the joint
pressures will become more uniform and the
centre of pressure will approach the centreline
of the pipe.

Pipe~soil interface stress measurements

12. The contact stress cells built into the
side wall of the instrumented pipe have provided
two main types of information. The magnitudes
of the radial and shear stresses indicate the

Fig. 2. Pipes sliding
in a stable tunnel bore
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extent to which pipe and ground are in contact,
while their ratio gives a direct measure of the
interface friction between pipe and ground. The
two combine to give the total frictional resis-
tance to jacking.

13. Simple sliding in an open bore was
apparent in a number of cases, notably in the
stiff cohesive ground of schemes 1, 2, 6 and 8
(see Table 2) and in the dense silty sand above
the water table in scheme 4. The pipe-soil
contact stresses for scheme 4 are shown in Fig.
5; contact is primarily along the bottom of the
pipe, with occasional contact at the sides and
roof of the tunnel bore. Scheme 3 was a case of
squeezing ground giving a high jacking resis-
tance, scheme 9 was in very soft clay and peat
and showed almost equal contact stresses all
round the pipe, while schemes 5 and 7 were in

cohesionless soils below the water table. In both
cases 5 and 7, high jacking resistance was
recorded when the slurry support and lubrica-
tion was not effective — it was not used for the
first few pipes in scheme 5 and was not properly
carried out for parts of scheme 7 due to pump
failure — but low resistance when it was effec-
tive.

14. Local interface friction angles obtained
from the contact stress cells are summarized in
Table 2. These were obtained from plots such as
those in Fig. 6, from scheme 4. Here the effects
of partial lubrication may be seen. Data points in
line A refer to pipe-soil contact before lubrica-
tion commenced, given an interface friction
angle of 39-2°. Line C was obained shortly after
injection of bentonite slurry into the overbreak;
normal stresses were reduced as the pipe

PIPE—SOIL INTERACTION
DURING PIPE JACKING

Fig. 3. Typical tunnel
alignment surveys
(scheme 4)
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became partially buoyant and the interface
friction angle reduced to 15-3°. Line B was
obtained some time later as the effects of
lubrication were beginning to dissipate, allowing
an increase in both normal stresses and friction
angle.

15.  Frictional behaviour like this is expected
in sandy soils; more surprisingly, apparently
frictional behaviour in terms of total stress was
also observed at the pipe-soil interface in
cohesive soils, even for high shearing rates in
high plasticity clay. Some results from scheme 3
are shown in Fig. 7; behaviour is ‘frictional’ at
lower stress levels, though there is perhaps a
tendency towards a limiting shear stress at
higher contact stresses. Frictional behaviour
with no upper limit was observed in the low- to
medium-plasticity stiff glacial clay and weathered
mudstone of schemes 1, 8 and 2; more cohesive
behaviour was observed in softened glacial clay
at the end of scheme 1 and in the soft alluvial
clay of scheme 9.

16.  Although significant pore pressures were
measured in the clay soils, plotting of results in
terms of effective stress greatly increased the
scatter; the intermittent contact beteen soil and
pipe and the resulting uncertainty about full
saturation of the pore pressure cells means that
the data from these cells are less reliable than
the other field measurements. A possible ex-
planation of the apparently frictional behaviour
in total stress terms in the cohesive soils is
considered later.

Measured and calculating jacking forces

17. Plots of measured jacking resistance
typically show an initial ‘face resistance’ inter-
cept due to the interaction between the shield
and the tunnel face, and then an increasing
resistance with pipe length due to the inter-
action between pipes and ground. An example
(from scheme 4) is shown in Fig. 8. The face
resistance was normally small, as the miner
excavated slightly outside the front edge of the
shield, and the rate of increase of line resistance
with pipe length was fairly constant. The
occasional peaks were due to changes in face
resistance when the shield was used to trim the
excavation at the tunnel face. The introduction
of lubrication greatly reduced the frictional force
until problems were encountered with running
sand right at the end of the drive. Apparent
frictional forces (jacking resistance per unit
length of pipe) were obtained from all the
schemes monitored and are given in the final
column of Table 2.

18. Jacking resistances calculated using one
of the simple theoretical models are also listed
in Table 2 and compared with the measured
values. Where the simple sliding model with
frictional contact is appropriate, calculated
values are quite close to measured ones, but
typically some 10-20% low. It is suggested that

+!
23-35 mm

+ Joint gap width at displacement transducer

[ Joint pressure cells with stress: N/mm?

Joint angle j§ = 0-29°
Hatched area indicates part of a pipe transmitting
load; remainder of joint is open

this discrepancy is due to the effects of pipeline
misalignment as discussed later. In two cases
the simple sliding cohesive model appears to
match the measured value, and in each case the
resistance is much higher than with frictional
behaviour; at present it is not clear when the
cohesive model should apply. In the two cases
of cohesionless soils below the water table,
where the Terzaghi model was appropriate, the
calculated jacking resistance slightly exceeded
the measured one at Cheltenham, but greatly
exceeded it at Southport; in the latter case some
residual effects of lubrication may have reduced
the field value. In scheme 9 the overall jacking
resistance of 25 kN/m is equivalent to an
average interface shear stress around the pipe
of 4.5 kPa, which probably equates to the
remoulded undrained strength of the soft peaty
clay.

Interface friction in cohesive soils

Theoretical analysis

19. One of the more surprising results from
the field monitoring was the apparently frictional
behaviour at the pipe-soil interface, even when
expressed in terms of total stresses, in cohesive
soils. This was found both with low-plasticity
glacial clay and high-pasticity London clay. Only
when the measured shear stresses approached
the undrained strength of the soil was a trend
towards cohesive or adhesive interface behav-
iour observed. The values of interface friction
angle quoted in Table 2 represent best-fit
average values over the range of stress levels

Fig 4. Pressures in
pipe joint pressure cells
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measured, but much higher values were some-
times measured at low stress levels, for instance
up to about 30° in London clay.

20. The other obvious feature of the meas-
ured interface stresses is that they vary very
rapidly as the pipes advance. This presumably
results from a combination of the pipes being a

‘loose fit’ within the tunnel bore and the
roughness of the concrete and more particularly
the soil surface, so that intimate contact is not
maintained (even at the base of the pipe)
between the soil and any point on the pipe. The
picture is probably more of a relatively rigid
surface making sporadic and irregular contact

Fig 5. Pipe-soil
contact stresses
(scheme 4)
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with fairly localized areas of soil surface. It is
suggested that this conceptual model can then
give rise to the apparently frictional interface

behaviour noted earlier.

21. Assume that the pipe initially makes
contact with fairly localized high points or
asperities of soil (Fig. 9(a)). Taking these for
simplicity as being of truncated conical shape,
with 45° side slopes, an interaction diagram (Fig.
10) may be obtained which relates the shear
and normal stresses (r, ) causing failure under
undrained conditions in the cohesive soil (Ap-
pendix 2, calculation 1). If the pipe-soil contact
is initially under normal load only, the asperity
must squash until the normal contact stress is
reduced to the value at point A. During jacking,
the interface shear stress will increase, causing
failure and further compression of the asperity
so that the normal stress (for constant normal
load) reduces until stable conditions are reached
at point B. At this point there is a constant ratio
between shear and normal stress of 1, given an
apparent interface friction angle of 45°. Note
that this is the lowest possible angle for this
scenario; if the normal stress subsequently
reduces, sliding can occur with stresses corre-
sponding to a point such as C, for which the
r/q ratio is increased.

22. If the normal loading increases, the
asperity may be squashed until it is much wider
than it is high (Fig. 9(b)). The corresponding
failure interaction diagram (Fig. 11) is then
obtained from the standard analysis for bearing
capacity under combined normal and shear
loading (Appendix 2, calculation 2). The appar-
ent friction angle at point B is then 21-3°.

23.  As normal stresses increase further, the
local contact areas between pipe and soil will
increase until they start to coalesce; finally there
will be intimate contact between pipe and soil
over most of the pipe surface and failure will be
at constant shear stresses equal to the un-
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drained strength (or perhaps some rather lower
‘adhesion’ value for pipes with smooth surfaces).
24. This proposed model of interface
behaviour appears to match qualitatively the
field observations. However, the pipe-soil con-
tact in practice will be very complex, with many
points of contact of different size and slope,
subjected to various load paths, so that no
precise quantitative treatment is possible. The
apparent friction angles predicted by the calcu-

PIPE—SOIL INTERACTION
DURING PIPE JACKING
I

Fig. 7. Shear stress/
normal stress relations
(scheme 3). (Note
different scales for
shear and normal
stresses)
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Fig. 9. Conceptual models for pipe/soil interaction showing: (a) localized ‘asperities’: (b) limited contact areas; and (c) full area

contact

lations cover most of the range observed in
practice. The very low value observed in
London clay presumably reflects residual condi-
tions for large-displacement shearing concen-
trated into a thin shear band at the interface.

25. The situation may be further compli-
cated by the fact that, even at high shearing
rates, there is some drainage occurring from the
thin shear zones; in addition, the clay at the
excavated surface may not be fully saturated.
The fact that interface shear behaviour tends, as
stress level increases and shear strength re-
duces, towards that expected for full contact
with saturated clay under undrained conditions,
may reflect a combination of all the effects
previously discussed.

Laboratory tests

26. An attempt was made to verify the
hypothesis by interface shear tests in the
laboratory. W Tests were performed using a
standard Casagrande apparatus, but to model
the field conditions as closely as possible a
concrete block was used with a sliding fit inside
the upper part of the box (Fig. 12(a)). Tests

Fig. 10. Interaction
diagram for failure of
sotl ‘asperities’ (q is
the normal stress on
asperity, t is the shear
stress on asperity, s, 1s
the undrained strength
of clay)

Fig. 11. Interaction
diagram for failure at
localize soil-pipe
contact areas. (q is the
normal stress on
contact area, T 1s the
shear stress on contact
area, sy, is the
undrained strength of
clay)
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were perfomed both with a nominally flat
surface to the soil in the lower part of the box
and with carefully formed asperities in the
surface (Fig. 12(h)). Tests were performed with
London clay from one of the field test sites, but
it was very difficult to prepare speciments due
to the highly fissured nature of the soil. Tests
with asperities therefore used modelling clay
(kaolin with a high-viscosity pore fluid, which
has a suitable consistency to allow easy speci-
men preparation.

27. The tests with asperities behaved much
as expected, as shown in Fig. 13. The asperities
were initially compressed under the vertical
load, and then compressed further with shear
load. Under low apparent vertical stress (vertical
load divided by the total plan area of the shear
box), this compression ceased a little after the
peak shear load had been reached; at higher
stresses both shear load and compression were
still increasing at the end of the test. The
apparent interface friction angle from the tests,
based on the maximum shear load reached in
each test, is 38° (see Fig. 14), which is slightly
less than predicted by the theory. For the first
three tests, which had already reached a
reasonably steady state by the end of the test,
careful measurements were made of the dimen-
sions of the asperities at the end of the test, so
that actual average contact stresses could be
determined; the resulting normal stresses varied
between 90 and 98 kPa and the shear stresses

Idealized
‘asperities’

between 60 and 77 kPa. In comparison, tests on
nominally flat surfaces of the modelling clay
suggested frictional interface behaviour with
peak friction angles varying between about 45°
at low stresses and 41° at higher stresses;
corresponding values for tests using London
clay were 29° and 22°. All these values lie within
the range of the two theoretical calculations, but
it might have been expected that the values for
the modelling clay would be nearer the lower
end of the range as the stress levels were high
enough for small asperities to be squashed and
relatively large contact areas established. The
results were therefore somewhat inconclusive.

Effets of misalignments

28. Previous authors'™" have tried to ex-
plain the increase in jacking force due to mis-
alignments by arguing that the axial jacking
forces cause increased contact stresses with the
oil on the outside of a bend. While this model
must apply for a pipeline following a long curve
of constant radius, the field measurements have
shown a very different model of behaviour to
apply to pipe jacks deviating by typical amounts
from a straight line. Comparison of Figs 3 and 5
shows that, in a drive with fairly rapid variations
in level but little horizontal deviation (except at
the end), high contact stresses occur at the
high points in the base of the tunnel, at
chainages of about 18, 45 and 70 m. Fig. 15
shows similar data for a drive with large

PIPE—SOIL INTERACTION

DURING PIPE JACKING

Fig 12, Interface
tests, showing: (a)
schematic of general
arrangement, and (b)
idealized asperities
(not to scale)
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horizontal but small vertical deviations; here
contact is made with the sides of the tunnel on
the inside of each bend at the points of
maximum curvature, as indicated diagrammati-
cally in Fig. 16. In each case the pipeline
appears to be acting as a prestressed segmental
beam, tending to span between the high points
for variations in level and press against the side
walls for horizontal bends.

29. In the former case there does not
usually seem to be significant contact with the
roof of the tunnel bore and the overall frictional
resistance is therefore not changed. However,
contact with the sides of the tunnel causes
frictional forces additional to those due to the
self-weight of the pipes. A simplified model for
the forces acting on a half-wave length () of
pipeline is shown in Fig. 17. P; and P, are the
axial jacking forces, Ny and N, the additional
lateral contact forces between pipe and ground,
W the self-weight per unit length of pipeline,
and ¢ the interface friction angle between pipe
and soil. At the two points of maximum
curvature the axial forces are assumed to act
close to the edge of the pipe, of internal
diameter D.
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30. Then, for lateral equilibrium
Ni=N=N

for longitundinal equilibrium

P, = P, + Witand + Ntano

and for moment equilibrium about point X

D NI N
P D+ WZtanéi = T—gtan(BD

60 interface friction angle
for tests with asperities

()

3)
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From equation (4)
(2P + Wltano)D

(! — Dtan o) ©)
and from equations (3) and (5)
P, = (P, + Witan o)
Dtand (2P, + Witand)
- (I - Dtano) (6)

_Pi(l+ Dtano) W tan d
T (-Dtand) (- Dtand)

A similar calculation may be applied to any
subsequent half-wave length, with forces in-
creasing from P, to P; and so on.

31. As an example, consider a 100 m length
of pipeline with two complete waves of 50 m
length. Assume a face resistance at the shield of
500kN, and the following values

D=15om

W =24 kN/m

tand = tan29° = 0-55
[ =250m

The resulting calculated jacking forces at points
along the pipeline are given in Table 3. The
amount by which the jacking force exceeds that
for a perfectly straight line is cumulative, giving a
percentage increase of nearly 20% by the end of
the drive. The second calculation is for the same
pipeline but with wavelengths of 25 m

(I = 12.5 m). The jacking force is increased very
significantly, the final value being more than
doubled.

32. For a direct comparison with data from a
real site, consider the first 35m of the drive at
scheme 1 (ground conditions changed signifi-
cantly after this point). The alignment survey
and jacking records are shown in Fig. 18. The
face load was 120 kN, the measured interface
friction angle 19°, and the weight of the pipes
17-7kN/m. The horizontal deviation shows two
half-wave lengths of about 17-5 m, and the value
of D was 1-20 m. The calculated jacking loads at
17-5 and 35-0m are then 235 and 355 kN
respectively, compared with 227 and 333 kN for
a perfectly straight pipeline. The measured

Pipe/ground
contact on inside
of bend

. e
O
v ) NN/ AN =

N NS - -

Fig. 16. Pipe-soil interaction on a ‘wavy’ line. (Note: pipe deviations and tunnel overcut greatly exaggerated)
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values were 246 and 372 kN respectively. The
new calculation does not account for all the
measured increase, but a closer agreement
would be obtained if a realistic distribution of
the reaction force N was used; as the lever arm
for this force is reduced (in the moment
equilibrium equation), its magnitude must in-
crease, leading to greater additional frictional
forces.

PIPE—SOIL INTERACTION
DURING PIPE JACKING

Fig. 15, Pipe-soil
contact stresses and
pipeline alignment
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Table 3 Jacking loads for straight and ‘wavy’ pipelines
Distance from face: m
0 25 50 75 100
Description Face load: kN Jacking load kN
For straight pipe 500 830 1160 1490 1820
For 50 m ‘wavelength’ 500 875 1276 1704 2161
% increase in load — 54 100 144 187
For 25 m ‘wavelength’ 500 1030 1719 2617 3788
% increase in load — 24 48 76 108
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33. The main value of this calculation is less
for back-calculating jacking forces than for

clarifying the important variables controlling the
increase in jacking force. The additional friction
is increased by reduction of the length / and by

Chainage: m

increases in D and o. This emphasizes the need
for particularly careful control of large-diameter
pipelines in sand and silty soils with relatively

high friction angles; fortunately, the use of full
lubrication by bentonite slurry in the overbreak

Fig 18 Alignment
survey and jacking
record, scheme 1



analysis will be very effective in these condi-
tions.

Time effects

34. A further important factor to take into
account is the increase in jacking load observed
during periods when the pipeline is not moving.
Some typical results from scheme 6, in London
clay, are shown in Fig. 19. After each stoppage
the jacking resistance reduces as the pipeline is
jacked, to the current ‘base line’ value, then
jumps up again during the next stoppage. In this
highly plastic clay, increases in jacking force are
detectable after only a few minutes, and can lead
to increases of 50% or more after a few hours.
Collected data from a number of stages of
schemes 3 and 6 are plotted in Fig. 20, showing
percentage increases with time on a logarithmic
scale. Although there is some scatter, the trend

is clear. Similar increases were observed in the
low to medium plasticity clays, but the magni-
tudes were much smaller, with a maximum of
about 35% over a long weekend break. No time
effects were observed in cohesionless soils or in
the soft clay.

Conclusions

35. Simple theoretical models of pipe-soil
interaction during pipe jacking have been pre-
sented, and values of jacking resistance calcu-
lated using them compared with values
measured in the field. Reasonable agreement is
obtained provided the appropriate model and
interface parameters are chosen. A new analysis
explains some of the increase in jacking
resistance due to imperfections in alignment of
nominally straight pipelines being jacked
through a stable bore with a small overbreak on
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Fig. 20. Time effects
Jor schemes 3 and 6

PIPE—SOIL INTERACTION
DURING PIPE JACKING

Fig. 19.  Effect of
stoppages on jacking
force
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the outside diameter of the pipes. It highlights
the important factors affecting the increase in
force, and emphasizes the need for accurate site
control of pipe jacks and for very gradual
correction to deviations from the correct align-
ment.

36. Explanations have also been sought for
the apparently frictional behaviour in terms of
total stress at the interface between pipes and
ground in firm to stiff cohesive soils. Although
the analysis appears to capture the main
features of results from both laboratory and
field tests, accurate prediction of the interface
behaviour is not possible, and jacking loads are
best estimated using the interface friction angles
measured directly in the field monitoring.
Further work is needed to clarify the conditions
under which frictional sliding changes to cohe-
sive interface behaviour, which results in much
higher reistance to jacking.

37. Time effects are very important in high
plasticity clays, of less significance in stiff low
plasticity clays, and negligible in soft clays and
cohesionless soils.

38. High resistance to jacking occurs in
unstable cohesionless soil, but the resistance
may be reduced to very low levels by the use of
pressurized bentonite slurry to maintain the
stability of the tunnel bore and allow the pipes
to become buoyant within the fluid.
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Appendix 1
40. When soil has collapsed onto the pipe, the total
frictional resistance is given by
aD.

F = 77‘ (0i+op)tano 7)
where the parameters are as defined in Fig. 21, ¢ is the
angle of friction between the pipe and the soil, and vy,
is given by

oy = K(o{ + 05y D,) (8)

where 3 is the submerged unit weight = y — y,, v is
the bulk unit weight, . is the unit weight of water, and
K is the coefficient of earth pressure.

11, To determine ¢y consider the vertical equili-
brium of a thin layer of soil as shown in Fig. 21.
Below the water table, at depth H,

2Bu’'+ 2Bozy' — 2B(o’ +00") —202=10 (%))
where
1= Ko 'tang’ 10)

42. Therefore, substituting and rearranging

, 1
V=m0’

<I_Ktanq‘)’a, (n
v'B

Vg
ap = Ko,

Fig. 21. Ground loading
Sfrom Terzaghi model



Integrating,
-v'B Ktang'
y'z = 4 In(1l- "1+ C 12
re (ktamp’) n( v'B )T a2
43, If ¢} =0}y at z = H; then
v'B Ktang’
=vH +-2 _In(1-228% 13
C=yHi+ tan ¢’ n< +'B v 1> (13)
Substituting and rearranging gives, in general at
depth z
v'B - H)Ktang'|
(}(v = 7 . (1 — exp!r_(ziil), An ¢ ‘)
Ktang L B J
— H)Ktang’
+ ol exp [_ - -J-;-. 1’3-‘9} (14)

For the stress at the top of the pipe, substitute z = H.
44, The value of ¢y is found from a similar analy-

sis for the soil above the water table, using bulk unit

weight rather than submerged unit weight, so that

Hthamp”x)
B

Jep = exp

Ktang' (1 -

; HiKtang'l .
+ q-exp —TJ (15)
where g is a surcharge at the ground surface.
45. Note also that
Detan (45° — ¢'/2) D. ‘
o 2 * 2sin (45" + ¢'/2) (16)
Appendix 2

Calculation 1: Failure of a conical asperity

46. Consider a flat-topped asperity with 45° side
slopes carrying a normal stress ¢ and shear stress r
A potential failure mechanism is shown in Fig. 22(a).
and the corresponding displacement diagram in Fig.
22().

47. Equating work terms

LA LcosuA RA
qlA+ = — 8 8y
tan« SN« SIn «
 2kA (17)
o
" sinu “Su !

where the final term represents the work done in the
fan zone B, and s, is the undrained strength of the soil.
From geometry, R = Lsin«, and equation (17) reduces
to

1
LA s\,(mﬂfza) 18)
tan u tan
48.  Minimizing g gives
N VAN
sina = ;,_(1_1) (19
\9 2 Sy

49. By substitition of different values of «, the
interaction diagram shown in Fig. 10 is obtained.

Calculation 2: Failure at a localized contact area

50. The corresponding failure mechanism and
displacement diagram for a localized contact area are
shown in Figs 23(a) and (b). A similar calculation
gives

L

[

T q |
[N ANV I I N N AR NI O

«t
\A

T 1 T
—— =8, —+1+2 *l 20
q+tana s <tan (17L {“ 4 > 20

J

with sin« as before. The resulting interaction diagram
is as shown in Fig. 11.

51. In each case the apparent interface friction
coefficient is given by the ratio 1/q.
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