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ABSTRACT

The rising population in urban environments comés &n associated demand for increased
public transport. Due to the level of surface @simpn an often utilised solution is to construct
rapid transit systems within tunnels. Any sub-acef construction will generate ground
movements which have the potential to cause danagexisting surface and sub-surface
structures. Urbanisation and congested cities lkdaven the need for accurate predictions of
tunnelling-induced settlements and has producedymablications (e.g. Peck, 1969; Cording
& Hansmire, 1975; Clough & Schmidt, 1981; O’'ReilyNew, 1982; Attewell & Yates, 1984;
Cording, 1991; Mairet al.,, 1993 and Mair & Taylor, 1997). Largely, howevehese
empirically based prediction methods are concerneith single tunnel greenfield,
arrangements.  Generally, mass rapid transportersgstcomprise of a pair of tunnels
constructed within relative close proximity. Th# known as twin-tunnel construction. A
number of case studies have shown a relative diftar in the settlements due to each tunnel
construction (e.g. Coopet al., 2002; Cording & Hansmire, 1975 and Nyren, 1998hese
were further investigated by numerical studies Whisupport these observations (e.g.
Addenbrooke & Potts, 2001 and Hunt, 2005). Anayseat use isotropic linear elastic-
perfectly plastic soil models have tended to preduwgder surface settlement troughs then
observed by the Gaussian distribution (Mgtial., 1981). It is that clear valuable insight could
be gained from a physical model based study. Towxea series of plane strain centrifuge tests
was carried out investigating twin tunnelling-inédcsettlements in overconsolidated clay.
Apparatus necessary to perform these tasks reqaisgghificant amount of time to develop and
was relatively complex. The main variables were #pacing between the tunnels, both
horizontally and vertically, and the magnitude olume loss. The tests were conducted at
100g where the cavities represented two 4m diantaterels at (usually) a depth of 10m at
prototype scale. The tests utilised novel appardasigned during the research to enable the
simulation of the construction processes relatagtome loss in separate sequential tunnels.

The results presented are in regards to the predictf ground movements in the plane
perpendicular to advancing tunnels and the sigmti¢indings of the research are as follows: -

1. Single tunnel surface and sub-surface settlemenglrs are well represented by Gaussian
distributions, however, the twin-tunnelling predicis can be improved by modifying the
settlements solely due to the second tunnel carigiru

2. The magnitude of volume loss from the new tunneistmction had increased due to the
presence of the first tunnel. This effect was dassl by larger spacings between the
tunnels.

3. Second tunnel settlements can be predicted usingtieqgs by Peck (1969), O'Reilly &
New (1982) and Maiet al. (1993) but with the modifications. The surface aab-surface
settlement distributions towards the existing tunmere observed to be wider than a single
tunnel.
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1 INTRODUCTION

The research addressed in this thesis concerngyrihnd movements generated by the
construction of tunnels in close proximity withiteg soils. In this introductory chapter the
rationale and objectives for the work are presentddhis is followed by an outline of the

subsequent chapters.

1.1 General

Underground construction has been used in a vaoiegpplications since the first half of the

19" Century. The Thames Tunnel project was one of e¢hdiest major underground

construction projects and this still forms parttleé London Underground Network (Skempton
& Chrimes, 1994). As urban environments grew thalable surface space became restricted
and tunnelling in urban areas has since becomaaeasingly popular solution in response to
the need for efficient transportation links, commeation systems, water supply and waste
disposal. In modern metropolises this has ledbtaestion of sub-surface space (illustrated in

Figure 1.1) which places restrictions on new cartsion projects.

London is a perfect example of a congested urbanremment with a long history of
underground construction. London’s sub-surfaceeps crowded with deep basements, deep
foundations, service pipes and metro tunnels. aitiqular, the London Underground network
services a large part of London and Greater Londara number of distinctly separate lines.
Each line comprises two separate tunnels to fatdlieast — west or north — south travel. The
layout of these tunnels can take a number of diffegeometric arrangements such as side-by-
side, stacked or offset (Figure 1.2). During tleastruction of each line, two tunnels can be
constructed within a relatively short space of tiema within a reasonably close proximity.

These types of project will herein be referredgdvain-tunnelling projects.

Irrespective of the construction method or arrang@nuised, any underground construction will
cause a change in the ground stress-state. Tasssthange is due to most excavation methods

having unsupported soil at some point during thestiaction process. Consequently, ground



movements will arise which, if apparent at the acefcan cause damage to buildings (Burland,
2001). Additionally, sub-surface movements mayehawdetrimental effect on existing buried
services (Mairt al., 1996). Damage assessments are based on pnesliofideformations due

to tunnelling and there is consequently a needdourate prediction methods.

Due to time, cost or logistical constraints it isual for the two tunnels to be created
sequentially. This results in a construction dddayween the tunnels and possibly a different
ground response during the creation of the secamityovhen compared with that produced by
the first. On a number of twin bored tunnellintgsj such as St James Park in the UK (Nyren,
1998), Lafayette Park in the USA (Cording & Hanamit975), and The Heathrow Express in
the UK (Cooper & Chapman, 1998), ground movemeams tunnel behaviour have been
monitored. The observed ground movements in tibase studies show a difference in the

settlements generated by the first and second ksinne

Barlett & Bubbers (1970) commented on the posgybif a weakening of the strata resulting in
more pronounced settlement and distortions in whedl lining. Mair & Taylor (1997) stated
that significant interaction effects must be eviderhen tunnels are very closely spaced.
Finally, Cooperet al. (2002) noted that the ground movements above lglepaced parallel
tunnel constructions can be significantly differéoin those observed above single tunnels, and
this must have a significant impact on the settlenod structures and services in the vicinity.
The tunnelling-induced ground movements and asatistrains create a disturbance zone
above the cavity. If the second tunnel producedhenm stress change in the already disturbed
zone created by the first tunnel, a dissimilaradfetnovements could reasonably be expected.
Previous research using various methods (e.g. Amdeke & Potts, 2001; Hunt, 2005 and
Fanget al., 1994) detail centre-to-centre spacings sufficientensure there would be no

interaction between the tunnels.

Two similarly constructed tunnels could be assumaegive similar magnitudes and patterns of
ground movements. However, this assumes thatdhstmction of the first tunnel does not
disturb the soil in the vicinity of the second tehnTherefore, it is the hypothesis of this thesis

that the construction or existence of the firsinilnchanges the stress history of the soil in the



area of the second tunnel construction. If thiagption is valid it might be assumed that the
second tunnel construction would result in a digainset of ground movements compared with
those assumed for the first. It is clear that ificant improvements in predictions may be
achieved from a better understanding of the dewedopt of ground movements around closely

constructed tunnels.

1.2 Aims

The primary aim of the research was to develop mderstanding of the effects of twin-
tunnelling in clay through physical modelling te@ques. To this end, a number of specific

tasks were performed:

i.  the development of apparatus to simulate the graasdonse induced by tunnelling
methods and of simultaneous/sequential tunnel ooi&ins,

ii. the implementation of a repeatable physical modepérform the events outlined
above,

iii. understanding and interpreting the mechanisms oft$érm ground movements
around twin tunnels, and

iv.  conducting a parametric study of short-term grousdponses following various
arrangements of twin-tunnelling scenarios in claye modelled ground responses are

measured, recorded and normalised on presentets$.char

1.3 Outline of the thesis

This thesis describes the processes and outcomas imivestigation into ground movements
caused by twin tunnelling. The purpose of Chaptirto outline the scope of this thesis. This
includes defining the type of tunnel constructiaing modelled, the framework of the soil
mechanics being applied and a brief background théo prediction of damage assessment.
Chapter 3 contains a review of the literature ne¢ato the behaviour of clay during tunnelling
practices. This includes short and long-term maeis and field observations. Chapter 4
describes the current practices for predicting lsirand multiple tunnelling-induced ground

movements. Details of the centrifuge testing ficastare given in Chapters 5 to 7. Chapter 5



gives the background to typical tunnelling centggumodelling techniques which include the
principals and relevant scaling laws. The faeititat City University London are also described
in this chapter. Chapter 6 details the existing aawly designed apparatus used during this
research. In addition to this Chapter 7 givesitdetd the entire testing procedure to perform
the experiments for single and twin-tunnel arrangi® This includes the stress history of the
soil, model making stages and simulation of corsiwa. In Chapter 8 typical centrifuge model
test results are presented and this chapter alsaine a summary of all the tests undertaken.
This includes such details as the calibrationdldha apparatus, the interpretation of the image
analysis software and fundamental ground movemestlts. The results focus on the
settlement trough width, ground movements, chamgg®re pressures and tunnel pressures.
The trends in the experimental results are analgsddliscussed in detail in Chapter 9. Finally,
Chapter 10 presents the conclusions to the thadignaludes the limitations of the thesis which

leads to a series of suggestions for further work.



2 BACKGROUND

This background chapter defines the type of tuncmstruction being investigated; the
framework of the soil mechanics applied and briefhers the effects of tunnelling. This is

followed by an outline of the methodologies applitealing this research.

2.1 Scope of the research

2.1.1 Types of Tunnel Construction
Methods of tunnel construction fall into one of teategories. Mair & Taylor (1997) defined
these as open face and closed face tunnelling,enty@en faced tunnelling has easy access to

the tunnel face and closed face tunnelling utilesésce support mechanism.

Open face tunnelling is normally adopted in dryff stoil conditions where the soil is self-
supporting for a reasonable time period. The mostmon method of open face tunnelling is
the Sprayed Concrete Lining (SCL) or New Austrianniielling Method (NATM). This
method involves a small unlined section being eatzd, with sprayed concrete, known as

Shotcrete, providing the support to the alreadystroicted sections (Figure 2.1a).

Tunnel construction by means of tunnel boring maeHKTBM) is usually preferred when the
ground conditions are considered unstable (i.e.revifi@ce support is required temporarily or
continuously). The main categories of TBM are show Figure 2.1b, 2.1c and 2.1d. TBMs
have a circular face with cutting tools mountedradial arms at the front. These are designed
to accommodate disc cutters, picks or a combinaiionoth depending on the geology. This
cutting face is usually contained within a stedindrical shaped unit. The rear of the TBM is
referred to as the tail and is smaller in diamé#tan the cutting face. The tail is responsible for
the erection of the lining. These linings consiseither precast concrete or cast iron segments
and are erected concurrently with the excavatibm particularly unstable ground lubrication
slurry material is injected around the annulushe tail and then replaced with a grout filling
the gap between the unsupported soil and the linirigs is performed either simultaneously as

the cutting face is thrust forward or at some disgabehind the cutting face. Technological



advancements have made this a highly automateensysith a high level of control. An Earth

Pressure Balance Machine (EPBM) provides suppodssore to the exposed face
approximately equal to that within a pressure chermitrhe rotating cutter face controls the
entry of the excavated soil and water into thisetbpressure chamber. Mair & Taylor (1997)
stated that recent developments in the injectiosiwfies and foams have improved the control
of these ground movements. Therefore, the rat@mdtruction is controlled by the speed of the
rotating cutter and the subsequent adjustment ad faessure. The work presented in this

thesis is primarily concerned with the effects &M construction on ground movements.

2.1.2 Soil Structure

London is an ideal example of a densely populatedruenvironment that has benefited from
the use of TBMs for the construction of mass ttarsiway systems. This has been made
technically possible because most of London’s Ugidemd tunnels are north of the River
Thames and in the London Clay Formation. Withetral. (2001) described the main body of
London Clay as typically a very stiff, thinly langited, very closely fissured, dark grey and
grey-brown clay of very low to medium compresstiland high to very high plasticity.
London Clay is considered a stiff overconsolidatdaly making tunnelling relatively easy.
Viggiani & Atkinson (1995) stated that the Londomay at Chattenden was subjected to a
reduction in vertical effective stress due to ewpsin the order of 1500kPa and therefore
became overconsolidated. Consequently, the sdilndit recover its original state. Field
observations and laboratory tests by Viggiani & iAslon (1995) showed stiffnesses at very
small strain, G measuring generally in the range of 10-30MPaeiasing slightly with depth.
Gasparreet al. (2007) also conducted an investigation into natucandon Clay and showed
stiffnesses, resolved at a strain of approxima@e04%, only slightly increasing with depth.
During this thesis overconsolidated clay like déqgosre considered in order to relate the work

to construction in London.

2.1.3 Prediction of tunnelling-induced ground movements
A fundamental stage in the design of any tunneléigstem would be the assessment of ground

movements and their effects on existing structureSonstruction guidelines for surface



settlements have been largely based on reseamshdirigle tunnel arrangements (e.g. Peck,
1969; Mair, 1979; Taylor, 1984 and Attwell & Yeatd984). Surface settlement predictions of

twin-tunnels are often the superposition of twakrtunnel predictions.

The prediction of sub-surface displacements andr tbifect on underground services is
commonly based on extrapolations from surface measents. However, relatively little is
known about the sub-surface displacements surrograitwin-tunnel construction or whether

the same extrapolations are valid.

Hunt (2005) and Addenbrooke & Potts (2001) expldies influence of twin-tunnelling using

the finite element method and proposed modificatitm current semi-empirical solutions to
account for the presence of the first tunnel. gsandifferent research methodology to give a
better understanding of the development of groundvements around tunnels under

construction could have considerable merit.

2.1.4 Assessment of damage to existing structures duettmnelling

Although this research is concerned primarily witlte soil movements, it is useful to
contextualise the current research with work theeg heen carried out on assessing effects on
surface and sub-surface structures. Surface pettiepredictions are generally conducted due
to concern over damage to existing structuresstkj tunnels and deep foundations also make

it important to be able to predict the sub-surfamyvements and mechanisms of movement.

The positions of a building’s foundations withireteettlement trough are noted in the design
procedures for new tunnelling systems and asses$smérstructural deformations are made.
These assessments are based on damage to thenguiklia whole and not necessarily on
individual structural details (Attewell & Yeates984). Mairet al. (1996) stated that ground

movements can lead to cracking and damage to bg#das a result of the generated tensile
strains. A building’s response to settlement weterinined to be dependent on ‘limiting tensile
strains’ and, based on this idea, Boscardin & Cumyd{(1989) devised Table 2.1 which

categorises a range of strains which may resulivitding damage. In order to relate these

strains to the tunnelling process, Mair al. (1996) stated that building damage could be



assessed in terms of a deflection ratddl.. A is shown in Figure 2.2 as the maximum
deflection between the building and tunnelling-iceéd settlements across the length of the
building, L, in either the hogging or sagging zonEigure 2.3 shows building damage in the
hogging zone for L/H = 1 (where H is the heighttteé building excluding the roof). Mair &
Taylor (1997) stated that, in practice, the evadumabf A/L is easier than the evaluation of

angular distortion or horizontal strain and therefBigure 2.3 relates horizontal strain awd.

During closely spaced tunnelling projects (where thrrent assumption is that no interaction
between the tunnels is evident) an unconservatiaeimum deflection, as a result of greater
differential ground settlements, could lead to kighalues of strain for a building of length, L.
Therefore, greater certainty related to twin-tuhinglinduced settlement could provide greater

assurances for designers.

2.2 Research Method

Centrifuge model testing was the research methiideat in this work. Eighteen tests were
completed at City University London using the Gebtécal Centrifuge. The centrifuge model
testing series focused on monitoring ground movesneaused by the construction of twin

tunnels.

2.2.1 Centrifuge model testing

Centrifuge modelling is an effective way of repromhg a soil with a known stress history and
with repeatable boundary conditions (Schofield, @98 Utilising careful experimental
procedures it was possible to monitor soil movemdntthree tunnelling scenarios. Tests
involved two simulated tunnel constructions at eécuad differing horizons. The distances
between the tunnels, in terms of centre-to-cenieeiag, were varied during the experimental

test series.

New apparatus was developed which, once validatadsingle tunnel arrangement, was used in
experimental procedures for twin-tunnelling. Thed®al tests were conducted under plane
strain conditions with circular tunnel cavities averconsolidated kaolin clay. The tunnel

cavities were supported with fluid filled rubbergsaand removing a known amount of fluid



from these bags simulated the construction procésset of complex apparatus was designed
in order to accurately control two separate tumxebvations. The data obtained were validated
against established semi-empirical prediction m#ghaompared with published numerical

analysis and also compared with particular obsematfrom case studies.



3 TUNNELLING INDUCED GROUND MOVEMENTS

This chapter discusses ground movements relatediriabored tunnelling. Published material
describing the ground response in creating tumgeléxcavations (short and long-term) is
discussed. Case studies and field measuremenp®rsing the need for the study are also

presented.

3.1 Introduction

Many useful insights into bored tunnelling-induagmbund movements in clay can be gained
from investigations assumed to be “greenfield”, geund that is undeveloped as illustrated in

Figure 3.1 from Attewell & Yeates (1984).

Tunnel construction using a TBM causes three-dimo@as movements ahead of the tunnel
cavity (illustrated in Figure 3.2). Mair & Tayl¢t997) identified and lists the sources of these

movements as:

I.  Deformation arising from ground loss due to movetsi¢owards the face,
ii.  Radial movements around the shield due to oveirgutt
iii. Radial movements due to lack of support beforedjris introduced known as “the tail
void process”,
iv.  Closure of the under grouted annulus around thdyneampleted ring,
v.  Closure of the grouted annulus gap due to insefficgrout or loss of grout,
vi.  The long-term consolidation affecting the grouratestand

Vil. Permanent distortion of the lining.

Stages vi and vii describe long-term deformationd are the result of ground pore-water
pressures regaining equilibrium with the groundewaable. Normally stages iv and v can be
negated through good working practices. Howeweages i - iii can become significant in the

short-term especially when working in clay.

Tunnelling is a three-dimensional problem. Forlgsia purposes, some studies have separated

this into two, two-dimensional problems (see FigBre). These are the transverse settlement
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trough (x-z plane) and the longitudinal settlemi&atigh (y-z plane). This research focuses

primarily on the x-z plane, sometimes referredgahe plane-strain scenario.

3.2 Short-term ground movements in greenfield conditios

This section outlines terms and current knowledgating to movements in the short-term.
Clays respond in the short term in an undrainednaabecause they have a low permeability
(values of coefficient of permeability, k, are geally less than 18m/s). This behaviour

generally relates to items i - iii raised in sewcti®.1 and are as a direct result of the cutting

process by the TBM.

3.2.1 Volume Loss

Due to the nature of the cutting process the berege of a tunnel will always be larger than
the final shape creating a set of displacementsartdsythe cavity (see Figure 3.3). This
phenomenon has been described by the term “groossl lor, the more frequently used,

‘volume loss’ (Peck, 1969).

The ground movements described by Peck (1969) reelial displacements towards the cross
section and longitudinal displacements along the ¢if the tunnel. These two movements have
proven difficult to separate, and therefore, assesss of volume loss have been determined by

considering a plane-strain scenario.

In the undrained case the volume of ‘ground lossuiad a tunnel cavity should be equal to the
volume of the surface settlement trough. Mair &I[ba(1997) stated that whenever necessary
the volume loss should be expressed in terms ofdhane of surface settlement trough. This
is mainly due to difficulties in obtaining field msurements around the tunnel cavity whereas
measurement of surface displacements is relatstelyght forward. It is usual to denote these

two volumes as:

V1 is volume of ‘ground lost’ around the bored tunaied

Vs is the volume of surface settlement trough.

11



Therefore, in the undrained casg ¥ Vs, and \ is volume loss usually expressed as a
percentage of the tunnel cross-sectional area. th®rsituation featured in Figure 3.3 the

volume of the surface settlement trough can beesgad as;

VL T[DZ
_ 3.1
Vs 100( 4 > 31)

where D is the bored tunnel diameter.

3.2.1.1 Typical Volume Losses for Clay

The precise magnitude of volume loss is governedday the stress state in the ground is
redistributed during tunnelling. The volume loss been described as dependent on both the
type of tunnel boring machine and the quality & Wworkmanship (Hunt, 2005). This, perhaps,
is the reason volume loss around tunnels has biffaqultl to predict. It is therefore common
practice to assume a value for volume loss basedngmeering judgement, experience and
previously published case studies. Table 3.1 litgsature publishing typical values of volume
loss for different construction methods since thdyel1980’s. Mair & Taylor (1997) reviewed

35 papers and drew the following conclusions:

i. During open face tunnelling in stiff clays volumess$es are usually between 1 and
2%,

il. During effective sprayed concrete lined tunnellig®PL) in stiff clays volume
losses are largely between 0.5 and 1.5%, and

iii. During closed faced TBM tunnelling volume lossessehdeen proven to be

approximately 0.5% in sands and 1 — 2% in softxlay

3.2.2 Transverse Settlement Trough

The surface settlement trough is the manifestatiothe movements from around the tunnel
cavity. Assessing the direction and relative magta of surface displacements in clay could be
based on theories by Peck (1969). These were taggdy on surface settlement observations
from case studies and the shape of the transvetensent trough was found to be suitably

described by a Gaussian distribution curve, ilatsd in Figure 3.4a and Figure 3.4b. The
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volume of this Gaussian distribution curve (pernamdégngth), \{, can be evaluated by Equation

(3.2) from O'Reilly & New (1982);

+00 _XZ
Vo= smavenn () (32)
Vg = V2T i Sppax (3.3)
where Sax 1S the vertical maximum settlement,

X is the horizontal distance from the tunnel oeine and

i is the horizontal distance to the point of éxflon.

From Equation (3.3) it is clear there are only twariables for determining the settlement
trough by a Gaussian distribution curvg{&nd i). In this case,5 controls the magnitude of
the settlement trough and i (or trough width) daiaes the extent. Methods for assessing for

these parameters are discussed in Chapter 4.

3.2.2.1 Variations to Trough Width and Maximum Settlement

Plotting a half space Gaussian surface settlermengh (Figure 3.4b) shows that the trough
extends up to 3i from the tunnel centre-line. Vhkie of i therefore controls the overall width
of the settlement trough. O’Reilly & New (1982pppsed an approximately linear relationship
(see Figure 3.5) between the location of the itifb@cpoint, i, and the depth to the tunnel axis
level, Z. This relationship is the most widely accept&tbreover, this relationship was shown
to be independent of the construction method andieny sensitive to the size of tunnel (when
the cover is greater than the diameter). Howeleis worth noting that the ‘tail’ of the
settlement trough has been shown to not necesssajytrue to the Gaussian assumption after

2.5i from the tunnel centre-line (Grant, 1998).

Many researchers have attempted to improve therstaoheling of settlement trough behaviour
by investigating the trough width (specifically i)The relationship between trough width and

volume loss is complex. The trough width has b&®wwn, variously, to both remain constant
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and vary with volume loss. Grant & Taylor (2000¢asured in their centrifuge tests in clay
that the settlement trough had a constant widtivdxen volume losses of 2 - 20%. However,
Hergarderet al. (1996) showed in centrifuge tests of mixed sqilety (sand overlying clay) an

increase in volume loss gave a decreased paraimeter

Although knowledge about ground deformations isveer from surface settlement data there
are, of course, deformations below surface leWdle Gaussian settlement trough shape can be
observed throughout the depth of the soil aboveiredl (Mairet al,. 1993). This work
analysed data from case studies and centrifugeriexpets and showed troughs became
narrower with depth but were similar in shape ans@ Figure 3.6. Essentially this figure
shows the distribution of i with depth and that ttedationship is linear. Therefore, the
assumption is that the tangent of these settlenfgagsa point of vector focus on the tunnel
centre-line. The theory of points of vector fodyysMair et al. (1993) was modified by Grant
(1998), as shown in Figure 3.7, and shows thatriig® on the sub-surface region; the points
of inflexion have three separate points of vectmut. In Zone 1 (near the surface) the tangent
of the distribution of i gives a vector focus paoatitove the tunnel centre-line. Zone 2 (between
Zone 1 and just above the tunnel boundary) hasird pbvector focus just below the tunnel.
Finally, in Zone 3 the distribution of i from juabove the spring line of the tunnel boundary
show a point of vector focus well below the tunné&rant & Taylor (2000) also stated the
relationship between i and depth was not applicable distance of 0.5D above the tunnel
crown. The magnitude of i in this case was foumbe less than anticipated due to the tunnel.
Moh et al. (1996) had taken measurements during the constnuof Taipei Rapid Transit
Systems. A relationship was subsequently develémepredicting i for sub-surface settlement

troughs close to the tunnel by taking into accaisnpresence.

A tunnel construction in clay is often considereduadrained event and therefore it is assumed
that, per unit length of settlement trough, theuwm loss remains unchanged with sub-surface
regions. Therefore, the ratio of surface to sulfese values of i with depth are inversely
proportional to the ratio of sub-surface maximurttlement to surface maximum settlement

(Figure 3.6). The maximum settlement at the creshould therefore be greater than the
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maximum settlement at the surface. However, asudged earlier the same relationship of i
with depth was not appropriate at 0.5D from thenero Lo et al. (1984) reviewed several case
studies and suggested a different linear relatipnsh0.33 was appropriate in most cases for

the ratio of surface maximum settlement to subag@inaximum settlement.

3.3 Long-term Ground Deformations (Post construction)

Although the tunnelling-induced settlements addrésa this project are assumed to be short-
term, it is reasonable to assume that some deg@reagterm movement could occur between

tunnel constructions.

Time-related settlements refer to movements theéldp post construction and in some cases
may continue years after the initial constructias been completed. The causes of these long-
term movements are the dissipation of excess passpres and creep. This research focuses
on the movements related to the dissipation of &pere pressures (consolidation) as these are
generated during tunnel construction. Broadly,s¢éhaettlements can be categorised into
consolidation of the soil around the tunnel andmaability of the tunnel linings. In order to

understand how long-term settlements develop arrstahding of these processes is required.

3.3.1 Time-related tunnelling-induced settlement

The degree to which tunnel-induced settlementpaiticular, are affected by consolidation and
permeability is addressed in this section. In galne¢he long-term settlements occur because
tunnels act like drains. These long-term movemamntsvery complex given the amount of

variables to consider. Hunt (2005) identified fousin factors:

i.  Pre-construction pore water pressures and postrootion excess pore water
pressures,
i.  Depth and diameter of the tunnel,
iil. Permeability of the soil and liner, and

iv. ~ Compressibility of the soil and the flexibility die liner.

Points iii and iv relate to the permeability aniffisess of the tunnel liner when compared with

the surrounding soil mass.
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Mair & Taylor (1997) summarised the affects frommsolidation and permeability, referring to
the pore-water pressure state, in tunnelling-indws=dtlements. This work states that when the
tunnel lining is of low permeability, compared withe clay, and positive excess pore pressures
are generated; these exist within one tunnel die@methis results in additional settlement in a
similar pattern to the short-term. If the tunling is of low permeability relative to the clay,

in stiffer clays, negative excess pore pressuresrgdly result from construction. This would
result in swelling rather than consolidation duehi® equilibrium pore water profile and would
result in no discernible long-term settlements.thé tunnel lining is permeable relative to the
clay, the tunnel will act as a drain. This willstdt in consolidation settlements and a

significantly wider surface settlement trough tlaasociated with the short-term.

Wongsaroj (2005) proposed a method of quantifyhmy rielative permeability of the soil-liner
using the dimensionless Equation (3.4). If RP<sihg Equation (3.4) then there will be no

long-term settlement and if RP>100 the lining islly permeable. Equation (3.4) is defined as;

_ klCclay

RP =
tlksoil

(3.4)

where RP is soil-lining relative permeability,
k, is tunnel lining mass permeability,
Ceiay Is depth of the low permeability soil above thertel crown extrados,
t, is thickness of tunnel lining, and
Ksoil IS €quivalent isotropic permeability of soil.

RP is used in conjunction with a range of desigarish featured in Wongsaroj (2005), for
different C/D ratios. The design charts give augabf the Normalised long-term settlement,
DS, which are substituted into Equation (3.5) tneste the normalised maximum long-term

settlement. Equation (3.5) is defined as;
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DS = NSC max(SS) — NSC max(SSI)

3.5
NSC max(SSI) — NSC max(SSP) ( )

where DS is normalised long-term settlements,

NS maxssjS normalised maximum surface settlement at thadgtstate long-

term,

NS maxssiis normalised maximum surface settlement at thadgtestate long-

term when tunnel lining is fully impermeable,

NS maxsspiS Normalised maximum surface settlement at thedgtestate long-

term when tunnel is fully permeable,

In addition, earlier work by Taylor (1984) investtgd the phenomenon of ‘soil squeezing’ by
performing a series of centrifuge tests around éilswrand trenches. It was shown that
excavations in clay continued to increase theitesaents with time. Taylor (1984) explained

this with the aid of a seepage factor, SF. A higlue of seepage factor implies that a high
seepage gradient has been caused by the simutdtaotunnel construction. This suggests that
only small time-dependent deformations would e¥ighe tunnel support pressure was high

enough to prevent seepage into the tunnel.

SF = YW(C + D) —OT
Yw(C+ D)

(3.6)

Using an understanding of the theoretical aspeamtered in this section it is possible to make a
reasonable assessment of the long-term post cotistruground movements before the
construction of a tunnel. This understanding talvior separating the long-term behaviour of
the ground due to the presence of a tunnel frongtband movements directly related to the

construction.

3.3.2 Consolidation and Seepage
During a twin-tunnel construction it is reasonaiol@ssume some degree of consolidation of the

soil could be possible between the individual cargdions. Atkinson (1993) used Critical State

17



Soil Mechanics (CSSM) to examine the relation betweonsolidation and seepage flow.
Seepage flow leads to volume changes that, in twenassociated with the changes of effective
stress as the excess pore pressures dissipatpagseeill flow in a direction dependent on the
polarity of the excess pore pressures when compardide steady state pore pressure. This
would also suggest that after some considerablke tiiva seepage and volume changes will cease
then the excess and hydraulic gradients becomearet@ore pressures return to their steady

state values.

To estimate the time taken for these excess pewspres to dissipate fully an understanding of

consolidation and some formulae are needed;

Ap
= (3.7)
Ccyt
Ty, = H_VZ (3.8)
and the general solution becomes;
U, = 2 JT, (3.9)
t \/§ v .
and using the/ (time) method;
cyt V3
\/T_v = l@E=7 (3.10)
3H?
= 3.11
&= (311)
where UYis the dimensionless degree of consolidation,

T, is dimensionless time factor,

Apy is the surface settlement in respect to one-dirneakconsolidation,
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Ap,, is the final surface settlement when all exces® pwessures have been

dissipated,
c, is coefficient of consolidation (ityear), and
H is the distance over which the excess pore pressue dissipated (m).

Given standard values of (taken from an oedometer test) and an estimatidadye length it

would be possible, using the expressions aboveyatiate an amount of time for consolidation
after an event. This is particularly important wheonsidering time between tunnel
constructions and the subsequent effect of anyndgai or consolidation between the two

tunnelling events.

3.4 Tunnel Collapse

Adequate stability during construction is of prima&oncern in any tunnelling system. This is
of particular importance when tunnelling througlbam areas. The appearance of sink holes

would cause catastrophic damage and possibletiedadis the result of tunnel collapse.

Although this investigation is concerned with padtfre ground movements, it is useful to
understand observed failure mechanisms. Thisgaus® most pre-collapse movements were
determined via investigations into collapse; foample centrifuge experiments (i.e. Mair,
1979). Stability relationships have led to thenestion of volume loss based on face pressure
controlling settlements. Stability is introduceerd and the prediction of volume loss based on

these concepts is covered in Chapter 4.

3.4.1 Failure Mechanisms

Geometries of tunnel failure mechanisms in claygehzeen well investigated using centrifuge
modelling by Mair (1979), illustrated in Figure 3.8Mair & Taylor (1997) stated that case

studies of tunnel failures are generally consistétit the mechanisms shown. The mechanism
is shown to propagate upwards and outwards fromtuheel invert to the surface. At the

surface the settlement trough is significantly witdtean one tunnel diameter.
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3.4.2 Undrained Stability
For an advancing tunnel face Broms & Bennermarl6 )l 9erformed a series of laboratory
extrusion tests and analysed field observatioristtoduce the concept of a stability ratio, N.

Based on this, a critical stability ratio at cobapN was proposed as;

<os +y(C+D/2) - 0T> (3.12)
N= S

where vy is unit weight of the soill,
C is cover above the tunnel crown,
D is bored tunnel diameter,
os is the surface surcharge (if any),
ot is the internal tunnel support pressure (if aapyg
S, is the undrained shear strength of the clay.

Mair (1979) extended this concept to determine dhiical stability ratio (N) and plotted
Figure 3.9. This design chart showsiN terms of the dimensionless ratios P/D and CHiclv
were based on centrifuge model tests; where Peisetigth of tunnel boring face as shown in

Figure 3.9. The formula given by Mair (1979) faegicting critical tunnel stability is defined

as;
C+D/2)—o0o
Nc = <Y( /2) TC> (3.13)
Su
where orc IS the internal tunnel support pressure at colaps

Tunnelling investigations carried out using a gebigcal centrifuge are often two-dimensional.
Therefore, when using Figure 3.9 the line of irgérs labelled ‘P/B»x’ because the length of
tunnel boring face is zero. Given a depth or QB figure shows that the critical stability ratio
trends towards 4 for a circular cavity. Daeisal. (1980) investigated a number of upper and

lower bound solutions into the stability of tunnidsclay. Significantly, this study investigated
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a number of variations to the plastic collapse rae@m. The series of centrifuge tests on
model shallow tunnels from Mair (1979) were usedv¢oify these solutions. The optimum
lower bound presented by Dawsal. (1980) is shown in Figure 3.10 for calculating thenel
support pressure with respectyd/S,. Using the relationships above it is thereforesiae to
estimate the pressure required to support a stogleel during construction before a permanent
lining is installed. This is necessary during anl construction to avoid collapse and to

understand the source of any small movements dimsudficient tunnel support.

Xu et al. (2013) conducted a series of centrifuge tests sinyating the effect different

arrangements of umbrella arches have on the syabflia single tunnel. The centrifuge tests
were overconsolidated kaolin clay models with pumessd air supported rubber bags similar to
those conducted by Mair (1979). However, differamangements of resin tubes were cast
around the annulus of the cavity. The differemtiagements were intended to intersect the
shearing planes from the plastic collapse mechanigmbDaviset al. (1980). These tests

showed that placing the resin tubes at the sidstead of at the crown, of the tunnel increased
the stability. The relationship between tunnelgarpand settlement will be described in detail

in Chapter 4.

3.5 Summary

This chapter presented the sources of the tungehiduced ground movements. Previous work
has been examined to establish typical ground mewugsrwhich may result from the process of

twin-tunnelling in clay.

The ground movements presented have been largedyaged into three sections. The first of
these focuses on short term movements. This waertaken in order to gain an understanding
into the behaviour of clay pre-failure. During ghéection important parameters of tunnel
construction were highlighted that are requiredadequate prediction of settlements (given in
Chapter 4). This study was primarily concernedliie influence the first tunnelling event has
on a second. This introduces a time aspect tetiay and therefore an understanding of the

sources of long-term settlements affecting tunneés conducted. This is important for
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understanding the soil behaviour during the delketyvben the tunnel constructions. The final
section contains a brief description of tunneluial including the plastic collapse mechanism

observed during tunnelling research in clay.
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4 PREDICTION OF GROUND MOVEMENTS CAUSED BY

TUNNELLING

Bored tunnel constructions cause ground movemente assessment of the potential effects
from these ground movements on infrastructure i®ssential aspect of the planning, design
and construction of a tunnelling project in an urbenvironment. Therefore, accurate
assessments of these vertical and horizontal mavisnagee required and have been explored by
many authors (e.g. Peck, 1969; Cording & Hansmi®&5; Clough & Schmidt, 1981; O'Reilly

& New, 1982; Attewell and Yeates, 1984; Cording919Mairet al., 1993 and Mair & Taylor,
1997). These authors have shown a number of metfadestimating ground movements
based on tunnel diameter, tunnel depth, type a$tcoction method and soil type. This chapter
details current practice and various modelling mémphes for estimating ground movements

around single and twin-tunnels in clay.

4.1 Current practice for predicting ground movements atlove single

tunnels

Tunnelling construction guidelines have been degexdidbased, largely, on research from single
tunnel arrangements (e.g. Peck, 1969; Mair, 1989]0F, 1984 and Attwell & Yeates, 1984).
These methods are generally based on the two-dioreisdealised case and some include a
variety of parameters for prediction. The paramsete be determined were discussed in
Chapter 3. This section outlines the predictionhmés of these parameters firstly related to the
magnitude of the ground movements (volume loss) tmh the extent of these ground

movements (trough width).

4.1.1 Predicting Short-Term Volume Loss

In Chapter 3 the concepts of the stability ratio,oM Broms & Bennemark (1967) and critical
stability ratio, N, by Mair (1979) were discussed. Kimura & Mair 819 introduced the
concept of a Load Factor (LF) and developed Eqnaf#hl) based on these concepts. This
empirical formula was based on the stability oflisiea tunnels in a number of centrifuge

experiments taken to collapse.

23



Where;

LF = — (4.1)

Z
o

Investigations into volume losses in clays couldehaonsiderable merit when related to the
load factor ratio, LF. In particular, Mair (197®roduced a plot of V verses LF and
investigated the geometric variables of C/D andR@ (illustrated by Figure 4.1a). Macklin
(1999) collated prediction methods for estimatingume losses caused by single tunnels
through over-consolidated clay (given in Table 4.These predictions of volume loss all use

some of these stability parameters.

However, Macklin (1999) used these studies and dmevanother by Atkinson & Potts (1977),
(C/D ratio equal to 0.77) to propose a relationdbepnveen the logarithm of Vand LF above
the C/D ratio of 1 and for P/Bw. Equation (4.2) was determined from a plot oLigper and

lower bound design lines (Figure 4.1b).

V(%) = 0.23e**1P) for LF>0.2 (4.2)

This text also commented that Equation (4.2) waesl dsr predicting volume losses during a
reported case study and was found to be an adequetteod for a 2.44m diameter tunnel
constructed in London Clay. Once a prediction stingate of the volume loss expected has
been made consideration must then be given to hesetsettlements will be distributed at the

surface and sub-surface.

4.1.2 Transverse Surface Settlement Trough

Many solutions have been developed for predictireg 20il movement above tunnels. These
have been separated into a number of categoriésamitide range of complexity. The most
commonly used solutions are based on empiricalioakhips. However, the selection of key
parameters used in these solutions requires experend judgement. These are represented by

Mair et al. (1981) and Clough & Schmidt (1981) in this disatoin. Other solutions include a
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Closed-form elastic solution proposed by VerruijtB&oker (1996) and a closed form semi-

empirical elastic solution by Loganathan & Poul®398).

Finally, the most complex solutions are usuallyitgirlement (FE) or Finite Difference (FD)
numerical methods. The mathematics supportingethesnerical analyses is outside the scope
of this research and is therefore not included.islworth commenting however, that the
increased capacity of computing in recent yearsrefEonsiderable possibilities for modelling
many aspects of a bored tunnel construction. Thessstrain characteristics of
overconsolidated clay are difficult to representetically and would necessitate the use of a
complex constitutive model such as the 3-Surfacaeiiatic Hardening (3-SKH) model
proposed by Stallebrass (1990). However, everetleesnplex constitutive soil models are
acknowledged to not necessarily represent all aspdécoil behaviour important to tunnelling.
For instance, Grammatikopoulat al. (2008) compared the settlement predictions obdaine
from a single tunnel finite element analysis usiuagious advanced constitutive models with
field measurements and the Gaussian distributibrwas shown that the predicted settlement

troughs did not represent all of the features alegkbduring an actual tunnel construction.

4.1.2.1 Empirical Methods
A Gaussian distribution for ground movements wasppsed by Peck (1969) and verified by
many site measurements and centrifuge tests (eay. éflal., 1993). The semi-empirical

approach has been adopted for calculating surtetdersents based on this;

XZ
Sv = Smax€Xp <— ﬁ) (4.3)
1
where $is the vertical settlement, at a defined horizbptént, in the x-z plane,

Shax IS the theoretical maximum settlement at the tloestre-line,
X is the lateral distance from the tunnel centne;liand
i is the lateral distance from the tunnel centne-lio the point of inflection in

the Gaussian distribution curve.

Integrating Equation (4.3) twice shows the relattip below;
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Ve =21 i+ Sy (4.4)

where \4 is volume of surface settlement.
In order to determine the magnitude of settlemé&usation (3.1) and Equation (4.3) can be

combined to produce Equations (4.4);

V.D?
i

Spax = 0.313 (4.5)

where \( is volume loss expressed as a ratio, and

D is the bored tunnel diameter.

Given data on tunnel geometry and knowledge oft\énly remains to estimate the parameter i
which governs trough width. Many authors have sstgd relationships between i, tunnel
depth and tunnel diameter (e.g. (O'Reilly & New,829and Clough & Schmidt, 1981).

Notably, O'Reilly & New (1982) proposed the formitguation (4.6) based on a survey of UK

tunnelling data;

i= K'ZO (46)

where 3 is the vertical distance from the un-deformedaxgfto the tunnel axis level,

and

K is a dimensionless trough width parameter.

The parameter K, in practical terms, was simplified0.5 for tunnels in clay. The data
presented by Mair & Taylor (1997) commented thatéhwas some scatter but generally i was
found to be within the envelope bounded by i=paiad i=0.6g Hence, K could vary between

0.4 and 0.6.

Clough & Schmidt (1981) proposed a formula basethergeometric parameters of the tunnel;
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0.8
i=R (Z—O) 4.7
where R is the radius of the bored tunnel.

4.1.2.2 Closed-form solution by Verruijt & Booker (1996)

Verruijt & Booker (1996) derive a closed-form saduit by using isotropic, homogeneous elastic
half space equations. These expressions include sffect of the tunnel deformation and
compressibility of the soil (first suggested by &seta, 1987). The tunnel deformation
described consists of radial contraction and slapadisation (Figure 4.2). Compressible soils

used a value of Poisson’s Ratgess than 0.5. Verruijt & Booker (1996) estimagdtlement

by;
y/ Zo(x? — Z,*
Sy = 4eR?(1 — v) ——— — 20R? 0(—02) (4.8)
x° + ZO (XZ + ZOZ)
where the radial strain was given by;
V.
£ = 4(1:) Sagaseta (1987), (4.9)
and the ovalisation ratio was given by;
8=-2 Vermijt & Booker (1996), (4.10)
and L is the radial deformation around the tunnel diamet

4.1.2.3 Semi-empirical closed-form solution by Loganathan &oulos (1998)

Loganathan & Poulos (1998) proposed a semi-empigtzastic analytical method based on
shallow tunnel volume loss scenarios due to Vdr&ijBooker (1996) under predicting the
maximum settlement. The reasons the authors gavihit were that soil exhibits non-linear
behaviour and therefore the ground movement atiuhael soil interface was not realistic.
Loganathan & Poulos (1998) considers the situatiben the ovalisatiory, had been equal to

zero i.e. there is no deformation of the lining.oganathan & Poulos (1998), therefore,
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attempted to model construction conditions gendrdte a TBM and compared this ground
movement monitoring data taken during construcbbrthe Heathrow Express Trial Tunnel.
This method uses a ‘gap’ parameter (originally frRowe et al., 1983) which defines the
ground displacements prior to the installation fé tining. The ‘gap’ will depend on the
tunnelling machine, soil type, and experience diltl &f the tunnelling machine operators. In
Figure 4.3 the ‘gap’ is shown to account for thggital clearance between the outer shield and
the lining (G), allowance for out-of-plane ground movementgp)uand allowances for
workmanship ¢). Roweet al. (1983) assumed ‘gaps’ between 90 and 160mm. ladban &

Poulos (1998) proposed the following expressioprealict vertical settlement;

1.38x%2 ) (4.11)

z
— 2 0
Sy =4V (1 -Vv)R R exp <— ZZ + RD)?

4.1.2.4 Summary of prediction methods

In order to compare the numerous methods for estimasurface settlement troughs a
normalised plot has been generated. Figure 4 #wsslaocomparison of the various methods
outlined above for predicting surface settlemerttimed and has both axis normalised in terms
of tunnel diameter. The estimates shown were tzk based on a two-dimensional scenario
with a 5m diameter single tunnel and a C/D equal.toMair et al. (1981) and Clough &
Schmidt (1981) agreed the shape of the settlermengh is best described by a Gaussian
distribution curve, however, their determinationioivas different. This difference gives a
narrower and deeper trough when using Clough & $i#th(1981). Loganathan & Poulos
(1998) and Verruijt & Booker (1996) show very siamilsettlement troughs, however, they are

shallower and wider than the empirical predictiogtimods.

4.1.3 Sub-surface Settlements

It is increasingly important to provide accurategictions of sub-surface movements as tunnels
are often constructed in proximity to other sersickie to underground congestion in urban
environments. These services could not only berothnnels but also deep basements or

foundations. Relatively few methods are availatoleestimate the tunnelling-induced sub-
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surface settlements. Two methods of prediction presented here; Mait al. (1993), an

empirical method, and Loganathan & Poulos (1998)psed-form solution.

4.1.3.1 Empirical Method

Throughout the depth of soil above the tunnel Maial. (1993) used the observations from
centrifuge tests and sub-surface data from varionselling projects in stiff clay to show that

the settlement distribution remained Gaussian apsh An extended Gaussian distribution of
the surface settlement gave a reasonable approgimtdr these movements (illustrated by

Figure 4.5). Changes were made to the previousiggmted formulae and are as follows;

i=K(zy—2z) (4.12)

0.175 + 0.325 (1 - 1)

K= Zo (4.13)
1 - ZO
XZ
Sz = Szmax€Xp <_ m) (4.14)
S _ 1.25Vy, R2
Y0175 +0.325 (1 - E) Zg (4.15)
Zg
where z is the vertical distance from the un-dett surface to the horizon analysed,

S, is the sub-surface settlement in the x-z pland, an

S, max IS the maximum sub-surface settlement (aboveuhed centre-line) at

depth, z.

4.1.3.2 Closed-form solution by Loganathan & Poulos (1998)

Loganathan & Poulos (1998) modified Equation (4.tdljjive a prediction of the sub-surface
settlement profiles using the consideration thatahis no deformation of the lining.  This
equation, similar to the surface prediction methads compared with Verruijt & Booker

(1996) and observations from the construction ef iteathrow Express Trail Tunnel. The
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authors state that the modified equation gave smdisplacements at depth than the original.
Presented below is their closed-form solution &iimeating sub-surface vertical settlement;

Z—2Zy Z+ z,

3—4y)———
z 7+ ( V)x2+(z+zo)2

S, =ViR*| —-————
z L < X2+ (z — zp)

(4.16)

-~ +
[x2 + (z + 2¢)?]? (zy + R)? V%

2z[x? — (z + Zo)z]> o [_( 1.38x2 0.6922>]

4.1.3.3 Summary of prediction methods

Figure 4.6 shows a normalised comparison plot batwike various methods for prediction sub-
surface settlement outlined in sections 4.1.3.14h@.2. This figure is similar to Figure 4.4 in
that the axes are normalised against tunnel diamaetéis for a 5m tunnel with a C/D equal to
2. The settlement troughs are taken at a deptm®tunnel diameter below the ground surface
level. Mairet al. (1993) gives a narrower and deeper settlemenglraben Loganathan &
Poulos (1998). This is a reflection of the diflece observed at the surface level but is

exaggerated as expected for sub-surface movements.

4.2 Modelling and Prediction of Twin Bored Tunnelling-induced Ground

Movements

In this section a number of methods are outlinedte prediction of soil movements induced
by twin bored tunnelling. Relatively little litex@re documenting the behaviour regarding twin-
tunnels and their interaction has been publishiéds because of this reason perhaps that few
prediction methods exist. The complexity of anyntiunnel prediction method is further

exacerbated by the near infinite possible geomatremgements.

If the assumption is made that the tunnels arellphthen it could be stated that, generally,
there are three twin tunnelling arrangements. ®imeensional idealisations are shown in
Figure 1.2. It can be seen that within these thez@tions side by side (1) geometry refers to
multiple tunnels being constructed at the samezbatal axis depth. Stacked/Piggyback (2)
arrangements consist of a second tunnel being rcatstl directly above or below the first.

Offset (3) could be described as half way betwéenSide-by-side and Stacked arrangements.
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This would be the arrangement when the tunnelgredimes have an offset in both the vertical

and horizontal axis.

4.2.1 Superposition Method

Superposition is a method for predicting surfaddesaent above any twin tunnel arrangement.
A surface settlement prediction is produced using of the methods outlined in section 4.1.2.
Assuming that the second tunnel is of similar sipel depth then the same distribution is
positioned over the centre-line of the second tuigmoring any influence from the first. The
summation of these two overlapping curves desctibesotal settlement. This is illustrated by
Figure 4.7 and shows the superposition of two, famdter, individual tunnel settlements. The

settlement troughs are calculated for tunnels @8thvolume losses in a clay with cover of 8m.

O'Reilly & New (1982) provided a formula for twinihnels by superposition;

2 _q)2
Sv = Smax [exp <— %) + exp <%>] (4.17)

where d is the horizontal distance between tleettimnels centre-lines, and
Xa IS the lateral distance from the centre-line effilst bored tunnel.

The expression above assumes the tunnels aregbaaatl have the same tunnel diameter,
volume loss and settlement trough width. Howeitas, possible to take into account different
depth of tunnel and trough widths by expansionh& expression. More importantly this

expression implicitly ignores any interaction betwehe tunnels.

4.2.2 Overlapping Zones

Fanget al. (1994) considered the displacements and straisscited with twin-tunnelling.
The work considers a disturbed zone surroundingh eafc the tunnels created during a
construction. If the second tunnel constructionagates stresses within the zone created by the
first construction a ‘large and irregular’ volunuss$ could be expected. Figure 4.8, originally
from Hoyaux & Ladanyi (1970) and redrawn in Fagigal. (1994), used the finite element

method to analyse the stress distribution surroyndiinnels driven through soft soils. This

31



study indicated the plastic zone was mainly infesh by the sensitivity of the soil deposit,
diameter of tunnel and depth of tunnel. The vasedsitivity is represented by the two trends
in the figure. These trends were derived from ®m-tunnel profiles which found the Z/R
ratios varied from 3.2 to 18.1 and the d/D ratiesied from 1.3 to 2.7. However, when the
tunnel spacing was sufficiently high the seconché&linwould have little or no influence on the
first. The authors postulated at what spacing eetwthe tunnels can be considered large
enough to avoid interaction. If the criterion dR23 has been used for insensitive clays then
the plastic zones do not overlap and the interadiaegligible. Fangt al. (1994) also states
that superposition could be used to estimate settiés above parallel tunnel construction if the

interaction is negligible.

4.2.3 Design Plots by Addenbrooke & Potts (2001)

To investigate the influence of a second tunnelstotion upon an existing tunnel
Addenbrooke & Potts (2001) carried out an extensiuenerical study. A series of finite
element analyses were performed using a non-lielaatic-perfectly plastic constitutive model
to represent the soil. Various geometric arrangeseere considered, either side by side or
piggy back, and all tunnels were modelled as haeipgal diameters. The analysis comprised
the construction of the first tunnel over a shaniqd, followed by some period of consolidation
and the construction of the second tunnel. Whersidering side by side tunnel arrangements
constructed using similar methods, this study mtedi that the shape of the second tunnel’s
surface settlement profile was not ‘too dissimikarthe first (greenfield) tunnel. A method for
adjusting the predicted settlement profile assediatith the second tunnel was thus proposed.
Two design charts were produced to find, firstlg, excentricity of the maximum settlement
and, secondly, the increase in volume loss of étersd tunnel’s settlement profile (Figure 4.9).
The plots indicated that the volume loss resultirgn the second tunnel increases as the
spacing between the tunnels decreases. The iecieaglume loss is given as a ratio of
volume loss from the second tunnel construction,r Ve 5 Over volume loss of the first
(greenfield) tunnel construction, Veeniels Once the modified volume loss has been obtained

the second tunnel settlements can be determinecc@amdhen be summed with those of the
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unchanged first tunnel to predict the total setdatm As with the majority of the previous

methods discussed this method is only applicabseitface settlements.

The design charts presented in the work are plottedrms of the parameter ‘pillar width'.
Pillar width is the horizontal distance between tinenel’s centre-lines minus the sum of their
radii expressed as a ratio of the average tunaehelier. This allows for any possible distortion

of the tunnel linings.

4.2.4 Modification Method by Hunt (2005)

Hunt (2005) provided a different method for preitigt movements above twin-tunnel

constructions. This, finite element based, stusbduthe modelling package ABAQUS applying
a small strain-stiffness model and the modified gepameter to analyse 2D plain strain
undrained tunnel constructions in London Clay. ehAipts were made to consider the
construction delay by including a stiffness chamgi no consolidation. The results of these
numerical analyses led the author to propose a fidation Factor to the semi-empirical

tunnelling-induced ground movements caused by angetunnel. This method was validated

against a number of case studies.

This method modified the ground movements of tle@ise tunnel in an ‘overlapping zone’, this
soil is assumed to have been previously disturyethé creation of the first tunnel. This is

illustrated in Figure 4.10, taken from the study.

Smoa = FSy (4.18)

where Sod 1S the modified settlement,

S, is the unmodified settlement above the secondelunalculated by semi-

empirical methods, and

PR SO P PRt 419
“fe (-T2 19

where Z* = (3-2),
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A is the multiple of the trough width parameteryaly taken as 2.5 or 3) in a

half settlement trough,

d is the centre-to-centre spacing of the tunnels,

Ka is the value of K in the region of the first botednel, and

M is Maximum modification factor described by Chapret al. (2006).

The maximum relative increase in settlement, M=k @ligned with the centre-line of Tunnel
A and reduces to zero at some lateral distance Tronmel A. Hunt (2005) concluded that the

maximum percentage increase in settlement wasly€mbo.

As with Addenbrooke & Potts (2001) the method miedifthe settlement profile above the
second tunnel using Equations (4.18) and (4.19)e predicted total settlement is to add the

modified second tunnel settlement with the unmedifirst similar to that seen in Figure 4.7.

4.2.5 Conclusions from Twin-tunnel prediction methods

The twin-tunnelling investigations into the surfaged sub-surface settlements have mostly
been approached using finite element analysis2D acenario. Single tunnel analyses that use
isotropic linear elastic-perfectly plastic soil nebsl tend to produce wider surface settlement
troughs than observed on site (Metial., 1981). However, predictions have been improwed b
using non-linear elastic, perfectly plastic modelsch give deeper and wider settlement trough
predictions which compare more favourably with diglbservations. One limitation of these
types of constitutive model is that the soils @gresented as having isotropic behaviour. Much
research has been conducted demonstrating thetrapigaf soils e.g. Al-Tabbaa (1987) and
this highlights the potential difficulties of nunieal modelling. It is clear that valuable insight
could be gained from a physical modelling studyahhias it uses real soil samples, inherently

represents the actual behaviour.

4.3 Field Observations

This section presents case studies concerned hétirdlative differences observed between

single and twin tunnel settlements. Four twin-elling case studies have been examined,;
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Heathrow Express, Lafayette Park, St. James’ Park Rocklands Light Rail Lewisham
Extension. The case studies are discussed in tefrggometric constants tunnel diameter,
depth, and centre-to-centre spacing and in ternsgttiement variables volume loss, maximum

settlement and trough width.

4.3.1 Heathrow Express (UK) — Side-by-side Tunnels

Cooperet al. (2002) commented on the extensive monitoring cotetlduring the construction
of the 9m diameter parallel tunnels either side abncourse tunnel in London. These tunnels
were bored below the existing Piccadilly line rumpitunnels. The settlement data was
recorded using Electrolevels within the Piccadiihe tunnels which were 4m diameter and at a
depth of 12.7m. The Heathrow Express tunnels &eeedepth of 26m and were separated by a
distance of 36.8m. The concourse tunnel was 15t®@m the ‘Downline’ tunnel and 20.9m
from the ‘Upline’ tunnel. Figure 4.11a is a pldrowing the arrangement of the Piccadilly line

running tunnels and Heathrow Express tunnels.

Hunt (2005) showed the predicted greenfield settldnfior the first tunnel (labelled as 1) with
the actual settlement for another closely constdit¢tinnel (labelled as 3). The first tunnel
prediction is based on a maximum vertical settlénoér29.3mm and a volume loss of 1.2%
(Figure 4.11b). The same predicted settlementecig\positioned over the centre-line of the
closely constructed tunnel. The actual maximuntiesaént of the closely constructed tunnel
was 35mm and thus gave a higher volume loss thafirgt tunnel at 1.8%. There is a clear
discrepancy between the settlement and the prediotiethod. Therefore, at this sub-surface
level there was a significant disturbance of thi slbared by the two tunnel constructions.
Cooperet al. (2002) noted that in order to fit the empiricdbat®mnship outlined by Maiet al.
(1993) to the field data the trough width was miedif The half of the settlement trough, due to
the second tunnel, towards the existing tunnel wigier than anticipated. This implies that

there was some level of asymmetry in the settlesngume to the second tunnel.

4.3.2 Lafayette Park (USA) — Side-by-side Tunnels
Cording & Hansmire (1975) analysed the surfacesardsurface settlement monitoring data of

a side-by-side twin-tunnelling arrangement. 6.4ameter tunnels were bored 14.6m below the
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ground surface in clay. This text stated the swrfaettlement trough distribution curve, as
proposed by Peck (1969), could be used to desthieshape displacements above a tunnel.
However, for the twin-tunnels the settlement atgtaund surface will be larger than the sum of
the settlement for two single tunnels. In Figurgld Hunt (2005) analysed the monitoring data
from Cording & Hansmire (1975) which shows the tfitannel with a maximum vertical
settlement of 52.7mm (3% volume loss). Howeverdi®g & Hansmire (1975) gave the actual

second tunnel maximum vertical settlement of 69.6amch thus a volume loss of 3.63%.

It is, however, worth noting that the Modificatidiactor Method outlined by Hunt (2005) and
featured in this literature review gave settlemerfiles with very high agreement with this
recorded case history when compared to routinerpaopiion. However, the Modification
Factor method was applied after K had been incte&sdit the field data from Cording &
Hansmire (1975). K towards the tunnel had beereased from 0.5 to 0.6 and reduced from
0.5 to 0.3 away from the tunnel. This implies tpetdictions may require the assessment of

more parameters then just an increase in volunse los

4.3.3 St James Park (UK) — Offset Tunnels

Nyren (1998) measured surface settlement displatsmat the St. James’s Park greenfield
reference site. This site had been subjectedetaliving of twin tunnels through London Clay.
The first of these tunnels had been bored at ehdepB1m and gave an immediate transverse
settlement trough profile. Volume losses of thestiveund tunnel were 3.3% (maximum
settlement of 20.4mm), unexpectedly high for thst fiunnel which was thought to be due to a

relatively rapid rate of advance (45 m per day).

The second tunnel, at a depth of 20.5m, was drdshdays later and at half the rate. Nyren
(1998) stated that the second eastbound tunnebigagicantly influenced by the construction

of the first tunnel. Figure 4.11d shows the asyinynef the transverse settlement trough from
the second tunnel construction. The half of thdesment trough towards the existing tunnel is
significantly larger then would normally be assuméulstead of the approximate 2.9% volume
loss (maximum settlement of 23.4mm) Nyren (1998jest a value of 2.2% would be a better

estimate of the greenfield conditions had the wastd tunnel not been previously constructed.
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4.3.4 Docklands Light Rail Lewisham Extension (UK) — Sideby-side Tunnels

Sugiyameet al. (1999) described the monitoring results of groomayements on the Docklands
Light Rail (DLR) Lewisham Extension. This projdw@d various geotechnical strata along the
route of the twin tunnels. The predominate stbataed through was the Woolwich and Reading
Beds (WRB). This is a complex soil formation ramgirom very stiff to hard clays to dense
sands and gravels. A slurry shield machine wittheaneter of 5.85m was used. The clear
separation between the two tunnels was approxisnaégh. The C/D ratio over the 1km length
of tunnel ranged from 1.6 to 2.5. Sugiyastal. (1999) showed all the volume losses to be
below 1%. However, at the majority of the monigrsections the second, Northbound, tunnel
appears to have a relatively much larger volums then the first, Southbound tunnel. One of
the conclusions Sugiyanghal. (1999) drew was that the values for the pointsmibéxion were
shown to be wider than those predicted. Thereftire,settlement troughs were wider and
flatter than anticipated. It is perhaps the infice of the second tunnel on the first that has led

to a difference in the points of inflexion and dote the misinterpretation of stiffness.

4.4 Summary

A number of prediction methods have been outlimedrder to estimate the tunnelling-induced
movements from single and twin tunnel arrangememisstly, routine single tunnel methods
were outlined and their terminology applied to twimnel prediction methods. The twin-tunnel
methods short-comings have been critically analysedrder to appreciate the need for the
presented research. The final section detailsiabeu of case studies, in various soils, showing
evidence and need for an improvement to the cummdierstanding of twin bored tunnel

settlements.
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5 CENTRIFUGE MODEL TESTING

A Dbrief introduction to the fundamental principleScentrifuge modelling is presented in this
chapter. A review of the key aspects to consideerwmodelling this type of complex
geotechnical scenario with a centrifuge is alsola®pd. The centrifuge being used for this

research project is the London Geotechnical Cegigifocated at City University London.

5.1 Introduction

To understand complex geotechnical problems enginmaast try to understand the engineering
properties of soils and how they will interact witbn or in a proposed construction. Soil
exhibits non-linear behaviour which requires compteethodology to form an understanding of
its behaviour. The main method of investigatioiisetd in this research was the use of a
geotechnical centrifuge. The focus of the tesesawras to examine the short-term surface and
sub-surface deformations, in the plane perpendi¢aléwin bored tunnels in overconsolidated

clay, after sequential simulated tunnel construstjo

Experiments were performed in a plane strain strioog at 100g. Models consisted of a
preformed circular cavity (or cavities) in overcolidated clay. These were supported by either
compressed air or water dependent on the partitesr Apparatus was developed to provide
tunnel support using a fluid and to allow thatdludo be removed in order to simulate volume
losses. Transducers were secured on a gantry am®wveodel to monitor the vertical settlement
at the surface. Ports are present in the back{faalinstallation of pore pressure transducers
and the fluid feed for the tunnels. During testihg front-wall of the strong box was replaced
with Perspex windows enabling observation of thiesadface ground movements via digital

image analysis.

A total of eighteen centrifuge tests were conduetétl various geometries (cover and centre-
to-centre spacing), alternative support fluids amdying volume losses. These tests would

provide new insight into the behaviour of soil aigritwin bored tunnel constructions.
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5.2 Background to centrifuge model testing

Physical modelling in geotechnics can be separatédl three categories (1) full scale
modelling, (2) reduced scale modelling under norgrality conditions and (3) reduced scale
modelling under increased gravities. Each hags thwin relative merits and disadvantages.
With a centrifuge it is possible to create a stdisgibution within the soil which increases with

depth corresponding to the stress distributionfinlascale prototype.

5.2.1 Principals of centrifuge modelling

The general centrifuge scaling laws are descrilye@dylor (1995). The notations used in this
text to describe these laws are also used in lidgisig. In essence, Newton’s laws of motion
state the action of pulling a mass out of a stitdigght path into a radial path would impose an
inward acceleration on the mass towards the axigotdtion (Figure 5.1). This radial

acceleration is a function of the angular veloaityl radius from the centre of rotation.

Thus;
(5.1)
a= w’r
where a is the radial acceleration (rfys
w is the angular velocity (rad/s), and
r is the radius from the centre of rotation (m).
It is usual to describe the gravity scaling facsy
w?r a
n=s——= — (5.2)
g
where n is the gravity scaling factor, and

g is the acceleration due to gravity (9.819n/s
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Centrifuge testing is a method by which a soil vethktress distribution equal to that of the field
or prototype can be reproduced consistently (f&ist in Figure 5.2). This fundamental

principal can be written as;

Oyp = Ovm (5.3)

pghp = pnghy, (5.4)

with the subscript of either m or p for model oototype respectively.
where p is the density of the soil material, and
h is the depth.

If we assume that the soil in the prototype and ehade the same and that g is a constant, the

scale factor for length in the model is therefere:

Mo = Tho (5.5)

This implies that models accelerated at Ng giveress equivalency with the soil to the full
scale prototype. Table 5.1 is reproduced from Kf$2009) and summarises other significant

scaling laws important to geotechnical centrifugedeiling.

5.2.2 Scaling laws and time

It has previously been stated the importance catet@n has in understanding fundamental
soil behaviour in this thesis. Consolidation egemuire a relationship for scaling time. This
relationship needs to account for the dissipatibexxzess pore-water in the models. Tests
performed with clay have a dimensionless consabdatme factor, T;

cyt
Tr=0z (5.6)

where G is the coefficient of consolidation,
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tis time, and

H is the drainage path length.

For a degree of consolidation, in a soil, the maahel prototype are equal.

t t
p m
Cvp =~ =Cm > 57
IR (5.7
Therefore;
Hm2 Cyp
t, =t,—— 5.8
= o (5.8)
1 cyp
t, =t,——— .
m =t (5.9)

This squared relationship implies that one houtafsolidation in a centrifuge at 100g equates

to 416 days at prototype scale for the same soil.

5.2.3 Errors in Centrifuge Modelling

5.2.3.1 Variations in stress level

Scaling laws, applied to a soil model in this wendicate that within a centrifuge model the
acceleration is not constant with depth. Duringfitg this will vary linearly with the radius
from the axis of rotation. Typical prototype agaimodel vertical stress profiles are illustrated
in Figure 5.3. To minimise the amount of under awdr stress in the centrifuge model, an
effective radius, Re, is used. This effective nadjives the correct stress at a depth two-thirds
of the model height from the surface. The errtatesl to this modification in stress profile is in

the order of 3%.

Considering this and Equation (5.2);

®?Re

g

n= (5.10)

The effective radius is calculated by using theusdt the top of the sample, Rt:
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R, = R + (—) (5.11)

5.2.3.2 Radial Acceleration Field

The acceleration field, through a centrifuge paekag radial and does not run parallel through
the depth (shown in Figure 5.3). This introducesaor that increases with distances parallel
from the model’s centre-line. There is, therefaréateral component of acceleration, the effect
of which needs to be recognised (Taylor, 1995). N&toara (2001) suggested the maximum
horizontal components of acceleration are approéima5% of the vertical (for the City
centrifuge facility with a radius of 1.8m from cemtto the swing bed a dimension of +0.1m
from the centreline). McNamara (2001) also staébésihorizontal component, the error, can be
minimised by orientating the strongbox such thatgmallest dimension is in the same plane as
the radial acceleration field. Stewart (1989) dbsd in some detail the radial acceleration
field and states as this passes through the clméresf the model, and that measurements
should be taken here, where the error due to tthalraature of the acceleration field is small.
Taylor (1995) also stated it is good practice wklesigning a centrifuge model to place the

geotechnical event around the central region ofrtbdel.

5.2.3.3 Scaling Effects
In general, the type of soil used in the centrifugedels will be of the same type as the
prototype soil. This may lead to compatibility uss applying scaling laws to grain sizes,

highlighted by Taylor (1995) and Philips (1995).

Taylor (1995) stated that it might be consideredsd®e to increase the particle size by the
model scale applied to the prototype. This is 8dvas clay would in some cases be scaled to
represent fine sand. However, these two maten@l®e different stress-strain characteristics.
Philips (1995) commented that at least 30 particiast be in contact with a linear dimension of
the model structure for the observed behaviouretoelpresentative of the prototype behaviour.
However, care must be taken when designing the htbdethe mechanical properties of the

particles are not changed. Taylor (1995) mentidheduse of a ratio between grain sizes and an
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important physical dimension and concludes thatingsxaling is a problem when using
relatively small scale models in relatively high celeration with granular materials.
Consequently, there should not be a grain sizéngcaffect if the previously outlined design

parameters are followed.

5.2.3.4 Boundary Effects

Philips (1995) described considerations for minings boundary effects in models for
geotechnical centrifuges. Initially, the conceraswwith side-wall friction. Although this is
always present to some extent, it was suggestedrbdels be significantly wide so that this
friction is not a significant proportion of the r&ing forces. It was suggested that models
should be in the region of twice as long as thé depth. Taylor (1995) suggested that for
tunnelling models there should be at least one eianspace underneath the tunnel for base

effects to be negligible.

5.3 The London Geotechnical Centrifuge Testing Facility

5.3.1 The Acutronic 661 geotechnical centrifuge

City University London’s centrifuge facility comges of an Acutronic 661 geotechnical
centrifuge, extensive details of which are given@ant (1998). The important geometric
details of the Acutronic 661 Centrifuge are showirigure 5.5. The radius of the swing bed is
1.8m and the effective radius for a model is tyfychetween 1.5 and 1.6m. To balance the
package on the swing bed a 1.45 tonne counterwéigided which can be adjusted radially
when required using a screw mechanism. The maxifoathcapacity is a 400kg package tested
at 100g and this reduces with accelerations to imman of 200kg at 200g. Therefore, the
Acutronic 661 is a 40g/tonne centrifuge facilitfhe swing bed has dimensions of 500x700mm

and a useable height of 970mm.

The centrifuge machine is situated within a reioéol concrete sited room opposite a
preparation area. This arrangement lends itsalffective model making in contrast to housing
the centrifuge in a pit. There are two significarplanations for this. Firstly, models need to

be transported onto the centrifuge swing arm usgingane because they need to be lowered into
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the pit. In addition access to the swing arm,dmnnecting pipes and instrumentation, is more
problematic in a pit. However, the pit arrangembas been utilised successfully at other
facilities (i.e. Cambridge and ETH research ceftreSity University London’s centrifuge is

situated inside a structured room to provide a safégronment, the centrifuge also in the centre

of a fibre-glass clamshell which creates an aeradyo chamber.

It is often necessary to allow overnight runningtleé Acutronic 661 and so the base has
installed four strain gauged sensors for monitoang out-of-balance loads. The centrifuge
facility will shut down automatically if the sensoexperience more than a 15kN out-of-balance

load.

A stack of slip rings at the top of the Acutronié16supply connections of electrical and
hydraulic components. 55 electrical and five, Y5tapacity, fluid slip rings are available. The
remaining slip rings are used in the closed cirteigvision signals, supplying power for the
lights or operating motors and solenoids. Thedfklip rings provide water, dense fluid (oil) or

compressed air as required for each individual. task

5.3.2 Data Acquisition

Permanently mounted junction boxes are used taveesgnals from the instrumentation on the
centrifuge swing which are then passed on to abhaame signal conditioning unit for filtering
and amplification. The unit is located near thetdfige axis within its own housing. The
output from the transducers can be amplified bg, 1,0, 100, 500 or 1000 times depending on

the individual requirements.

Data from the instrumentation on the model is $ergn on-board solid state computer via an
A/D card. This is also located within the housorgthe swing arm. The data is then sent via a

RS232 serial link to a PC in the control room whili$plays the logged data.

5.3.3 Instrumentation and Calibration
The main purpose of the instrumentation is to noorihe ground movements and pore-water
pressures in the model. To monitor the verticavemeents at the model's surface, several

linearly variable differential transformers (LVDTaere also used.

44



Twelve LVDTs were used with a range of £15mm, vathoutput of £5V or less at these limits.
These transducers were calibrated individually withis range over 1mm steps using a screw

micrometre within an instrument clamping block.

Miniature pore pressure transducers (PPTs) werd teseneasure the changes in pore-water
pressure in the model during equalisation of poagewpressures and during simulated tunnel
constructions. These were PDCR81 miniature presgansducers manufactured by Druck
Limited, Leicester. The diaphragms of these PR&psotected from the soil by a porous stone,
glued to the instrument body. The PPTs are platteca manifold which is then screwed into a

de-airing chamber filled with distilled water angbgected to a vacuum in the order of -100kPa.
This is vitally important for correct monitoring #se stones must be completely de-aired and
saturated with water for correct operation. Aftierairing the calibration involved applying

pressure to this chamber using a Bishop ram. fmsducers were calibrated against a Druck
DPI101 Digital Pressure Indicator (DPI). Anoth&otPPTs without porous stones were used in
the model's standpipes to monitor the heads of metatrolling the water table and tunnel

pressure.

A sub-miniature flush diaphragm pressure transdunedel PX600-200GV series, supplied by
Omega, Manchester, was used to measure eitherither avater pressure in the tunnel

apparatus. This transducer is also calibratechagtiie Druck DPI.

These transducers were calibrated before everyotestthe same range and used in the same

channels and gains on the data acquisition system.

5.3.4 Image Processing

Grant (1998) was one of the first to use image gssimg at City University London and this
system has since been used regularly to recorthdespent and strain data close to real time in
centrifuge model testing. Primarily, the imagegassing was used to monitor the subsurface
movements. Images for analysis were acquiredndutie test, by a small charged couple
device (CCD) camera that was mounted on the caegg&iwing-arm. This CCD camera was

pointed at the centrifuge model though a Perspexaow. Marker beads were placed into the
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clay surface to allow the image processing softwardrack movements. For immediate
viewing in the control room, signals from the CCBreera pass through the slip rings to a

monitor. Images were also stored on a computea iame grabber.

The general theory and mathematics of close raegéeghnical photogrammetry used within
the custom written software is outside the scopéhisf thesis and, therefore, not presented.
Image processing software and techniques are basebaylor et al. (1998). However, a

general overview of the procedure is described.here

The first stage was to record and track each targeivements in the image plane. A sequence
of images was converted into a series of targeitipns. Specific parameters are needed in
order to transfer the images from image plane tolgact plane. Camera lens details (focal
point and focal length etc.), camera position, aaagientation and the refractive properties of
the Perspex window all need to be known. The jposibf the known target co-ordinates and
specific known photogrammetric parameters are usedalculate the target positions (the
change in movement is derived from the change iitipa). ‘Known’ co-ordinates were
etched and painted black on the window side inamnwith the soil model. The distortions due
to the camera and the camera position have bedpratal out during the programme’s
computations, as has the refractive effect of thesfpex window. The vector movements can

then be converted into millimetre movements indbgct plane.

The analogue signal from the CCD camera passesghrthe slip rings and is converted to a
digital image by a frame grabbing card within a PThe target locations, calibration to co-
ordinates in object space and calculations ofrsraiere all conducted post-test. The quality of
these measurements depends on the calibrationh@ngrécision to which the targets were
located on the image plane. Each target has aewafipixels assigned to it. For an individual
target, with dimensions of only a few millimetresr@ss, this would take 6 or 7 pixels in the
camera’s view. The grey scale is applied over g¢aajet area and moving the target changes
the intensity levels of the grey scale around thiget. A level of tracking can be formed from
this change in intensity level. With good lightittge amount of contrast over the image plan

can improve the quality of the tracking.
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Although in this procedure the camera position anidntation have been derived from the
‘known’ co-ordinates in the software, the proceduiar calculating the camera position and
orientation are common practice in digital photogmsetry and often require millimetre
accuracy over very large areas. Grant (1998) cartedethat in the vertical direction the error
in the target reading could have been in the oaflet0-20um. Although other methods are
available White & Take (2002) shows the accuracthefmeasurement as a whole is dependent
on the resolution of the image. Therefore, différsoftware packages should give the same

movement and the same error.

5.4 Summary

Outlined in this chapter was the background torttaén methodology of this research. This
included the fundamental principles behind the négqire of geotechnical centrifuges. This was
followed by a brief outline of the specific centigie facility available at City University
London. The following sections detail the data wasitjon, instrumentation and image
processing capabilities of the facility. This wagportant because of the insight it gave to the

subsequent development of new apparatus for thesareh.
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6 APPARATUS DEVELOPEMENT

New apparatus was required to simulate and cohtrolseparate tunnel construction events.
The apparatus necessary to perform these taskiseggusignificant amount of time to develop
and was relatively complex. Previous approachesewotrifuge modelling of tunnelling
problems, the model considerations and the arraegeof the apparatus are discussed in this
chapter. A number of features of the apparatugwemmon to typical tunnelling centrifuge

tests and are also described in this chapter.

6.1 Previous Approaches to Tunnelling

Modelling tunnelling procedures in clay using a tgebnical centrifuge can pose significant
difficulties relating to accurate simulation of tbenstruction process. The main difficulty is the
simulation of, or actual removal of soil from thedel to form the tunnel cavity. Methods have
been developed by a number of research groups weitiing degrees of complexity and
success. A summary of physical modelling tunngllimethods reported in the literature is

shown in Table 6.1.

Imamuraet al. (1998) utilised an in-flight excavator to constrtice tunnel cavity, the spoil
from which was retained within the strongbox toidvany out-of-balance loading. Whilst this
approach would appear the most representativeeotrtte construction process; the package
size available at City University London would hawade this type of system impractical to
model. Additionally, the tests performed by Imamet al. (1998) were in dry sand and

therefore would not have behaved like material$ogaas to London Clay.

Mair (1979) simulated volume loss in clay resultingm the overall tunnelling effects in a
centrifuge. This method utilised a pressurisedfid rubber bag within a circular tunnel
cavity. This involved increasing the air pressiarequal the soil overburden in order to support
the tunnel cavity during spin up and pore-wateissuee equalisation and then decreasing this
pressure to simulate a failure. Measurements @dirgt deformation correlating to particular
volume losses were then made by inspection of fiigrogriate portion of the results set.

Similarly, Wuet al. (1998) and Leet al. (2006) used two pressurised bags at various ctmtre
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centre spacings and covers in sand. The presstima these bags was controlled during spin-
up similar to the single tunnel tests by Mair (1p79%However, to simulate a twin-tunnel

construction the pressure within the tunnels wasukaneously reduced until collapse was
observed. It may be argued that this is not astéalnterpretation of the construction process,

as there was no delay between each tunnels cotistruechere there would be in practice.

Jacobsz (2002) developed apparatus to enable rimgdefl small strain movements around a
single tunnel in sand, close to another structut@onstruction in-flight was simulated by
draining water that was supporting the tunnel gavifThis allowed accurate control of the
volume loss. However, Ngt al. (2012) described apparatus for simulating two advey
tunnel constructions in dry sand, sequentially.ciEaodel tunnel consisted of five cylindrical
rubber bags and between these was a rigid divideomtrol and separate the volume of water
inside. This enabled the tunnel volume losseséactntrolled independently. It was the
approach by Jacobsz (2002) that the current twinglvolume loss apparatus developed at

City University London was based upon.

A considerable amount of literature relating to gineund movements around tunnels has been
shown in Chapters 2 and Chapter 3 including a narabpublished monitored sites on ground
movements associated with twin-tunnelling bothhest surface and sub-surface. In order to
predict these ground movements field studies, nisaeanalyses and physical model testing
have provided the well-understood mechanisms ofem@ant around single tunnels (Chapter 4).
However, as shown above, significant insight coogdgained from a physic model testing
programme into ground movements around twin-tumelin clay. The design of a physical
model and the development of the apparatus to jperfloese tests are detailed in the following

chapters.

6.2 Model Design

City University London had centrifuge apparatusatde of modelling a single tunnel collapse
by the pressurised rubber bag method described dy (#979). This method of simulating a

tunnel construction was also used by Grant (1998) slight variations in the apparatus and
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remains the usual method for conducting single éugentrifuge tests. Typically, models at
City University London are made from kaolin claydaprepared in such a way as to have an
undrained shear strength of between 35 and 55kRee(R2012; Begaj-Qerimi, 2009;
McNamara, 2001; Grant 1998). The model tunnelb@rem in diameter and usually tested at
100g. This relates, at prototype scale, to a tuohBm in diameter. Grant (1998) first opted
for this arrangement as it allows for up to 4D coamd a size of tunnel such that the
deformations were reasonable for measurement. t@$ts are conducted in a plane strain
configuration described in Section 6.3.2. All mieddetailed in this thesis consisted of a
preformed circular cavities (or cavity) in overcolidated clay. A generic schematic of the
various models is shown in Figures 6.1. The fumctf the new apparatus was to provide
support to these cavities (or cavity) during testin a centrifuge model and allow for the
simulation of the construction processes associaitd volume loss. Two sets of apparatus
(single tunnel and twin-tunnel) were developed tlog experimental test series. The single
tunnel apparatus, described in Section 6.3, wasldped to prove the new system could be
successful in modelling small, tunnelling-inducedvements. A number of alterations are
detailed, in Section 6.4 to enable twin-tunnel expentation. The most notable difference
between the sets of experiments is the changenmetwdiameter. The single tunnel apparatus
has a 50mm diameter and the twin-tunnel apparatus #0mm diameters. The reasons behind

this difference in tunnel diameter are describedatail in Section 6.5.1.

6.3 Common Elements to All Experiments

6.3.1 The soil

This study is concerned with the fundamental meidsaof soil deformations associated with
tunnelling and therefore a clay with well-estabdidhproperties reconstituted from a slurry is
appropriate (Mair, 1979). Speswhite kaolin clayswehosen because its engineering properties
for physical modelling are well established (Grar@98). Viggiani & Atkinson (1995) stated
that a limited investigation of London Clay showtbdt stiffness at small strain,oGvas the
same as for reconstituted samples at the same staie engineering properties of Speswhite

kaolin clay are presented in Table 6.2. Kaolinyds often used for centrifuge modelling
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because of its relatively high permeability andrimeature. These qualities are beneficial for
relatively fast consolidation processes. The kaolay was supplied by Imerys’, England in

bagged powder form and was called Speswhite Quakipa Clay.

6.3.2 The model container (strong-box)

The test apparatus consists of a rectangular cantaeferred to as a strong-box (Figure 6.2)
which was first used for the purpose of centrifagenelling research by Grant (1998). The
strong-box contains the clay, the majority of timparatus and all the instrumentation. The
internal dimensions of the strong box are 550mng loyy 200mm wide by 375mm deep which
implies, at 200g, a maximum prototype scale grouwoldme of 110m long by 40m wide by
60m deep. The fully assembled strong-box compisbkase plate and four walls (two sides,
front and back). The base plate has grooves agitveoa path for drainage (Figure 6.2) during
the consolidation process using the pneumatic/draress (Figure 6.3). The front wall of
the strong box can be removed and replaced witspBerwindows enabling observation of the
sub-surface ground movements during testing duhirggexperimental work. The clay would
have been normally trimmed to give a C/D ratio ¢qouawo or three. Oteo & Sagaseta (1982)
suggested the wall boundaries should be 9D frontutieel centreline in order to minimise any
potential boundary effects. However, Kirmura & M@i981) performed a series of centrifuge
tests in which the soil boundary was 3D from thentl centre-line. The authors concluded that
their tests were sufficient in providing the detdilmechanics of a tunnel deforming under the
self-weight of the surrounding soil. The strongdm available at City University London have
the boundary 5.5D from the tunnel centre-line dhdrefore, it is assumed the influence of the

boundaries will be minimal.

6.3.3 Ground water supply

A standpipe arrangement on the centrifuge swingweasl used to set the level of the ground
water table in the models during the tests (Figudg. The ground water table was set to be
5mm below the surface of the clay. A second stigedand reservoir was used to maintain the

support pressure inside the tunnel and is discugsgdction 6.3.3. Water was supplied to both
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stand-pipes via the fluid slip rings and the levagt constant to a pre-determined height by

overflow pipes.

6.3.4 Location and fixing of instrumentation

A rack of Linear Variable Differential Transforme(sVDTs) was bolted to the top of the
strong-box for measuring vertical displacementhat surface. A row of nine LVDTs were
placed across the centre-line of the sample a#h, 90, £135 and £180mm centres from the
model centre-line (Figure 6.5). A second row of@Rs at centres 0, 90 and 180 from the
model centre-line, were set 45mm back from theredirie of the sample to ascertain whether
the model was behaving in plane strain. Holegpegeent in the back wall of the strong box for
the installation of Pore Pressure Transducers (PRikin the clay sample and the fluid feed
for the tunnels. At heights relative to the swiregl three pore-water pressure transducers were

installed at 100, 120 and 220mm (Figure 6.1).

6.4 Single tunnel Apparatus
The development of the single tunnel apparatugiaen herein. The three main features are
the Tunnel support system, Support window systegnFdmid control system. These individual

features were arranged on the swing as shown uréi§ 6 for testing.

6.4.1 Tunnel support system

The tunnelling system was based on an arrangershidéscribed by Jacobsz (2002) and is
shown in Figure 6.7. The tunnelling system supptre preformed cavity during pore-water
pressure equalisation and controls the magnitudeoloime loss during the simulation of the
tunnel construction. The cavity is supported byenvga virtually incompressible fluid) within a
latex membrane. The main advantage of using viatdat during ‘spin-up’ the water and soll
are subjected to the same increase in g-level. slipporting water pressures within the cavities

are, therefore, controlled by the standpipe atrithad the elevated g.

The water pressure inside the cavity is regulated beparate system outlined in Section 6.4.3.

The tunnelling system was designed to facilitatevide range of volume losses which is
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achieved by extracting a set volume of water fraside the latex membrane through a central

hollow rod (described later in this Section).

In order to perform these two tasks, at the requgéevel, the clay must be fully in contact
with the latex membrane. In principal the caviiescavity) must ‘fail’ onto a fluid filled latex
bag, the adequate water pressure within the baglpt® soil movement and removal of this

fluid generates the soil movement.

The depth of soil above the tunnels in the modeaks theen determined in order to ensure the
tunnels would ‘fail’ at the required g-level. Thsstification for this required the application of
some known parameters of the soil and model dimessio Equation (3.13). The equation
below, taken from Mair (1979), has been modifieduse model scale values and the gravity
scaling factor, n. By using the model dimensioi3<2 and D=0.05m with the soil parameter
y=17.5kN/nf it is possible to rearrange Equation (3.13) towshie conditions required for
failure. However, it must be noted that the vdlretunnel diameter is that of the single tunnel

test.

Ne = <ny(C +D/2) - GTC>

S, (3.12)

N:S,, = Dny (% + 0.5) — Orc (6.1)
orc = (100-17.5-0.05-2.5) — NS, (6.2)
orc = 218.75 — NS, (6.3)

Equation (3.12) must be used in conjunction withuFe 3.9, as described in Chapter 4, in order
to obtain a value of N Reading from Figure 3.9 using C/D=2 and RDgives N tending

towards 4. P/D= is used because this is a plane strain scenarserting N=4 and a suitable
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value for § into the above derivation of Equation (3.12) mearsmust be greater than zero.

Therefore, a positive support pressure is requoadsist failure.

The framework of the tunnel system used to supinartfluid filled latex bag consisted of a
number of different structural elements. The systomprised two aluminium circular end
pieces connected by a hollow rod acting as a mandiieese pieces were set at either ends of
the tunnel cavity. The end pieces were of 47 mameiter and 6.5 mm thick. The diameter was
chosen because the system needed to be placedh withreformed 50mm diameter cavity
which utilised some of the existing apparatus tomel modelling. The thickness is of a size

sufficient to provide for an o-ring groove arouhe tircumference.

The end pieces secured a natural latex membrangosition (Figure 6.7, detail). The
membrane was 50mm in diameter, 0.5mm in thicknesis220mm long. During the model

making stage the bag was trimmed as appropriae fitting.

The tunnelling system was sealed by placing 134" .CoBings over the membrane at the
recesses. The o-rings sat proud of the outer dearaed were clamped in place by tight fitting
brass circular clasps. The clasps had an outeredé of 49.9mm and internal diameters made

to fit.

One of the end pieces was screwed onto the rodeaidd as previously outlined. The rod had
a 6mm outer diameter and a 3mm internal diametéree 2.5mm diameter holes were drilled
radially to allow for fluid flow. The opposite emiece was secured to a ¥4 BSP threaded brass
fitting. The fitting allowed a fluid supply throhgthe strong box back-wall and supported the
tunnelling system at one end during the testingestar he fitting joined to the fluid controlling
system (Section 6.4.3). Once assembled, the twsupgort system was filled with water prior
to installation within the clay. A bleed screwaksl with an o-ring, allowed the tunnel to be

de-airing during the model making stage.

The overall length of the apparatus was 210mm aspaoed with the internal width of the
strongbox which was 200mm. This required the ehnith@ apparatus to sit within a recess cut

into the front window of the strongbox. This fe@uwas considered important as it ensured the
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soil was solely supported by the fluid filled membe and any observed soil movements would

not be influenced by the stiff metal components.

6.4.2 Support window system

To observe the subsurface ground movement in aepbamain centrifuge model, it is usual
practice to replace one wall of the strong box witblear Perspex window. Cameras are used
to record images at set intervals during the expamt and a digital image analysis system used
to obtain subsurface movements (Taydbal., 1998). This process utilises a grid of reference

targets etched onto the clay-facing side of theofadion window.

The existing window was 83mm thick. Modifying thisSndow to accommodate the various
configurations of tunnels was considered uneconaingiaod therefore a second, inner Perspex
window was used. This inner Perspex window wasrredl to as the support window (Figure
6.7). The support window is made from %" Perspeget. It was positioned between the
83mm thick observation window and the strong bdamped in position by bolts that pass
through both windows. The support window had a mOdeep circular recess for the end piece
of the tunnelling system. As this was a blind es¢ceseepage of pore water from the model was
prevented. The control targets for the imageymmalwere machined onto the support window
using a CNC mill and their positions were therefkmewn to a high degree of accuracy. A test
investigation any possible influence of this aduhitil supporting window to the accuracy of

sub-surface displacement measuring software isgiv€hapter 8.

6.4.3 Fluid control system
The fluid control system was based on a similaarsgement described by Jacobsz (2002). The
system can be divided into two parts (Figures 6@ @.10) for different stages of the testing

process. These parts were:

e The tunnel support pressure standpipe

¢ The fluid removal equipment.

The pressure within the preformed tunnel cavity wastrolled by a standpipe situated on the

swing-bed next to the ground water supply reservbhie overflow was set at a level to provide
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a pressure at the tunnel axis level equal to tlilkeoserburden. In order to determine the

pressure required a calculation similar to the lmelew must be performed.

D .
Y (C + E) = Soil overburden (6.4)

If C/D=2, D=0.05my,=9.81kN/nf andy=17.5kN/nf is inserted into the above expression then,

0.05
17.5 (2 +0.05 + T) = 2.19kPaat 1g (6.5)

Therefore, the following expression determines iead of water required to also give a

pressure of 2.19kPa.

—— =0.223m (6.6)

Therefore; the overflow pipe was set at a 223mnvalibe tunnel axis level. The centre-line of
the tunnel was 120mm from the swing-bed and thezetioe total height of the overflow pipe

above the swing bed should be equal to 343mm (@+223).

The fluid extraction system (Figure 6.10) compriaBishop ram driven by a 48V servo motor.
The Bishop ram acted as a syringe and providedggadior fluid withdrawn from the tunnelling
system. The Bishop ram was controlled remotelyhieyservo motor which drove a cog secured
to the lead screw of the Bishop ram via a toothad lJse of the toothed bar accommodated the
lead screw of the Bishop ram moving upwards aglfluas withdrawn. The pressure at the
outlet of the Bishop ram was measured using a D81€kpressure transducer fitted within the

outlet pipe.

The fluid controlling system was connected to tinenelling system and the standpipe by 1/8”

pipe. Stainless steel pipe was chosen becausticpiagubber tubing may have collapsed or
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kinked at elevated g, impeding the flow of fluidtkwn the apparatus. The control of the fluid in
these pipes to the tunnels was achieved usinghéndiuarter-turn plug valves controlled by
rotary solenoids. The position of the valves sgated the flow of fluid between the standpipe
and the remainer of the apparatus. The plug vake® supplied by Hoke (model number
7312G2Y) and had 2.63mm diameter orifices. Thersambs were 50mm diameter 24V DC
type D proportional rotary solenoids supplied bygdet-Schultz. As the rotary solenoids were
DC operated when the current was reversed it wputivide a contra-rotation action and

allowed an off/on action.

McNamara (2001) used this arrangement of plug valmd rotary solenoid for a similar
application successfully at 100g. However, thisrkvmoted a necessary change in the
operational method of the rotary solenoids becadfighe reduced reliability in an enhanced g
field. Although the rotary solenoids were rated@# this did not provide sufficient torque to
enable the instantaneous action required. Theyretaenoids were only operated for a short
period of time and so McNamara (2001) increasediditage to 70V to ensure the action. The

same approach was adopted in the current work.

The rotary solenoid and plug valve arrangement @assed in a compact square aluminium
section. The plug valve sat on top of the squantian and was connected to the shaft of the
rotary solenoid within the square section by a $siseve (Figure 6.11). The brass sleeve had
sufficient clearance to allow for any out of aligemt owing to the additional self-weight of the
plug valve in an enhanced g field. The compacuneadf this arrangement allowed it to be

positioned outside of the strong box.

The completed system was calibrated prior to tggtirascertain the volume of fluid moved in a
single revolution of the servo motor. This wasfpened by piping the outward orifice of the
Bishop Ram to a burette and then requesting assefisingle revolutions of the motor. One
revolution was determined to withdraw 1.08 ml. Tadibration of the fluid removal equipment
is presented in Appendix A. A sample calculatiérthe volume of fluid to be removed for a
single tunnel model is featured below. The calonfais based on the model being 200mm in

length with a cavity of 50mm diameter along thiirerlength.
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4 (6.7)

392.5 x 0.03 = 11.78ml (6.8)

3% of the total volume of this cavity was calcuthend requested for removal to simulate a

tunnel construction equal to a 3% volume loss.

T52.20 = 392.5mi
4 = oveom (6.9)

6.5 Twin-Tunnel Apparatus

The development of the twin-tunnel models invoheedumber of modifications to the above
described apparatus. Figure 6.12 illustratesdiedt of the modified apparatus for controlling
individual tunnels. The overall concept for thesteyn was identical (i.e. fluid support that
could be removed to simulate volume loss) and @achperformed similar functions to those
previously discussed. Modifications were appliedhree key elements in order to facilitate

twin-tunnelling in parallel and offset arrangements

6.5.1 Twin-tunnel system

As well as the obvious need to have two tunnelesgsta number of other modifications were
made to the previously described design. Prinlgipthe outer diameter of the tunnels was
changed to 40mm, however, structurally the tunogpsrt system is as shown in Figure 6.7.
This change was to ensure the observed movememgsnee affected by boundary conditions

due to the restricted size of the strong box.

If the diameter was too small then a higher g-leweluld have been required to reach a
prototype scale where the tunnel would be analogouan underground railway line. In

addition smaller tunnels are relatively more diffido prepare during the model making stage.
Therefore, a similar justification to the boundapnditions of the single tunnel (Section 6.3.2)

was required for the twin-tunnel model. In Chaj@ét was stated that the surface settlement
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trough could be best described as a Gaussianbditm curve. The maximum reach of a
settlement trough at the surface is 3i on each side tunnels centre-line. If the twin-tunnel
model parameters (C/D=2 and D=0.04m) are applie&Egoation (4.6) an indication of the

possible maximum extent of settlements can be héted:

i=K- Zg (46)
i=05-0.1=0.05 (6.10)
3i = 6-0.05 = 0.15m (6.11)

The internal width of the strong box is equal td&®n, therefore, the maximum distance

between the tunnels centre-lines are:

550 — (2-3i) = 250mm (6.12)
250

_ 6.13

70 = 6:25D (6.13)

Hence, for this case, the strong box can catesgacings smaller than 6.25D when the tunnel
diameters are 40mm. The maximum spacing testedhBaimes the diameter and the extent of
the settlement troughs are not well below that ipted to reach the side walls of the strong

box.

The two end pieces for each tunnel are of a sirdiégign to that described in Section 6.4.1 for a
single tunnel but with an outside diameter of 37m@mce again a latex membrane was secured
at either end with an o-ring and brass clasp. #altilly, the centre support rod was extended
by another 10mm to give an overall length equé&l20mm. Combined with a recess machined

into the rear face of the strong box this modifmatavoided the soil being in contact with
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anything except the latex membrane. This was dedigo completely remove any influence of

the rigid components on the soil movements.

Finally, the same verification procedures appliethe single tunnel arrangement were repeated
for the twin-tunnel arrangements as shown in Secigt.1. The 40mm diameter modified
Equation (3.13) to giverc=174.4 - NS,. A tunnel pressure would still, therefore, beuieed
when applying the same soil conditions as in thglsitunnel case. A new height of standpipe
also needed to be calculated as shown in Sectié2.6. The new diameter meant a soll
overburden of 1.75kPa at 1g needed to be suppbytelde tunnelling support apparatus. This
was equal to 178.4mm of hydrostatic head abovetuhael axis level or a total height of
298.4mm (or 120+178.4). The different tunnel ditanalso requires a different amount of
fluid to be removed from within the tunnel suppapparatus. The calculation from Section
6.4.3 was repeated and shows that to achieve adbdme loss the tunnel support apparatus

would need to remove 7.54ml of water.

6.5.2 Twin-Tunnel support window system

A number of twin-tunnel support Perspex windows eviabricated. The new windows had
external dimensions equal to the first (Figure B.1Bhis was fixed to the strong box with the
same pattern of bolt holes as described in Seéti@2. In total five twin-tunnel windows were

fabricated for three parallel arrangements (1.5D,&8d 4.5D) and two offset arrangements

(2.12D and 2.7D).

6.5.3 Twin-tunnel back-wall/plug system

A modified strong box back-wall was designed topup the tunnel apparatus. The strong
box’s rear wall was fabricated from 1” thick alurisim plate. The new back-wall was designed
as a direct replacement for the existing wall amat@ined an insert to allow for variations in the
centre-to-centre tunnel spacing (Figure 6.14). eAies of bolts secured this insert within the
modified strong box back-wall and sealed againsb-asing. The system was observed to have
worked effectively in ensuring no water leaked frdm model because no material could be

witnessed on the swing bed post-test. This arraegé was beneficial as it allowed different
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inserts to be manufactured rather a series of ceplant walls for the strong box. The insert is

of a size that can allow variation in tunnel cesitr&entre spacing.

A third circular recess was built into the backdwt allow for the offset twin-tunnel

arrangement testing. This recess was identicetidse in the plug however was offset 60mm
directly above the right-hand recess (Figure 6.18)fitting, shown in Figure 6.15, was also
manufactured to fully seal the recess when notgoased during testing. The plugs from the

parallel test could be reused in order to givedlofset arrangements.

6.6 Summary

This chapter detailed the elements of the centifiggting apparatus specifically developed for
this research study. This was first achieved bjirong existing tunnel research techniques,
apparatus (this is referred to as the common fegtuand then the requirements of any new
apparatus. The new apparatus had to be develgpi@dttthe introduction of a prototype single
tunnel apparatus system and then the adaptationwifotunnel testing. In addition, example

calculations are included with detailed figuregulty illustrate how the novel apparatus works.
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7 EXPERIMENTAL TEST SERIES

7.1 Experimental Procedure

The preparation of each centrifuge experiment wesemely complicated and required a
number of stages. This section describes the mepa of models, the individual stages of

testing during a single tunnel experiment and dytite sequential tunnel experiments.

7.1.1 Preparation of the clay in the model

Speswhite kaolin clay powder was mixed with distllwater to produce slurry with a water
content of 120% in an industrial ribbon blade mixédair (1979) first used Speswhite kaolin

clay slurry at this water content because it iéwtihe liquid limit and had similar undrained

shear strength as Spestone kaolin clay powder mize#l60%. The Spestone slurry was
replaced with Speswhite because of the limitedlaiity of the material. The reason for

pouring the slurries at these water contents iswe it minimises trapped air pockets during

pouring.

Prior to placing the slurry within the strong-bdetwalls were lightly coated with grease to
minimise wall friction in the finished sample. M#l979) stated for a 300mm high sample, up
to 10% of the vertical stress was lost owing tol Wadtion. However, and was improved by the
use of water-pump grease. A sheet of porous plasts placed at the bottom of the strong box
underneath a sheet of filter paper. The clay glwas placed within the strong box to a
sufficient depth dependent on the test. The amofisturry was calculated to give a finished
sample height 10-20mm more than required. Caretakan to prevent the entrapment of air
bubbles within the clay slurry during pouring. indlly, a sheet of filter paper was placed on top

of the slurry followed by a sheet of porous plastic

To consolidate the clay slurry a loading platentadted to a computer controlled
pneumatic/hydraulic press was used to apply thespre required in pre-determined stages
(Figure 7.1). Drainage was allowed via three drginholes in the platen at the top and taps

screwed into the bottom plate of the strong boritidlly, the press was set to apply 10kPa
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overnight. This was increased to 50kPa the nexining and 100kPa in the afternoon. At
similar times the following day the applied pregswas increase to 250kPa and 500kPa. This
pressure was held for three days and swelled lma2k@kPa on the fourth. The same press and

routine was used for consolidating all samplesiguee consistency.

7.1.2 Preparation of the model

The pore-water pressures in the clay sample durinilight consolidation and testing were
monitored by Druck pore pressure transducers (PPTis¢se were installed during the swelling
stage under the consolidation press. The PPTs instaled through holes in the strong box
back wall. A specially fabricated guide was scré\rdo the hole and a hypodermic tube was
used to remove a clay core half the model widtloi®). Once the PPTs were placed into the
model, the cavity was back filled with de-airedyckurry to a water content of 120% and a

special fitting installed to seal round the wirdtasxited.

Before the model could be removed from the conatbd press the water from above the
platen was removed and the drainage taps discathe&fter the sample was removed it was
imperative to ensure it did not dry out. Usualgbice was to seal the exposed surfaces of the

clay before and during model making as quickly @ssjble with silicone oil.

The front-wall of the strong box was removed tongatccess to the front clay surface. A
specially fabricated jig was clamped to the frohthe strong box (Figure 7.2) and a sharpened
aluminium box cutter used to trim excess clay fritva surface. To bore the tunnels a frame
was fitted to the front of the strong box (Figur&)7and corresponding plugged holes in the
back wall removed. During twin-tunnel model pregiemn the cutter guide could be slid along
the frame to the required horizontal position allmyvaccurate boring of the tunnel cavities.
Stops on the frame allowed the guide to be repbased to the same position. A 50mm outer
diameter circular stainless steel seamless tubtercuwtas used during the single tunnel
experiments and a 40mm outer diameter cutter wad daring the twin-tunnel experiments.
The clay from inside the cavities remained insite tunnel cutters for easy removal from the
model. Once the tunnels were bored another jigskasped to the front of the strong box so

that image analysis target beads could be presgedtie front surface of the clay. The jig
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enabled the targets be accurately and effectivedjtipned in a 10x10mm grid in the face. At

this stage the preparation of the clay model wasptete.

The tunnel apparatus was placed inside the turawatyécavities. Every precaution was taken
to bleed the air out of the tunnel systems befdaegment. This was carried out by partially
filling the membranes with water. If the tunnek®ms were completely filled it became very
difficult to slide them inside the cavities. SceaWto the back of the tunnel apparatus were
fittings allowing for fluid in-feed. These fittirkgalso contained pressure transducers to monitor
the internal tunnel pressures at the centre-lifige tunnel system was secured to the strong-box

by large nuts (see Figure 7.4).

Prior to being bolted in place, the support windeas lubricated with a high viscosity, clear
silicone oil to reduce interface friction. The popt and observation windows were placed
carefully onto the front of the strong box. Theidl controlling apparatus could be placed onto
the side and bolted securely through the windoWse piping was connected and de-aired. The
tunnel membranes were de-aired by allowing watesuifh the %2"BSP fitting and allowing
trapped air to exit through a bleed valve in thevahium circular end piece. Finally, the tunnel
membranes were topped-up with water so that theybziely filled the cavity/cavities. This
was carried out using a syringe attached to arbotithe Bishop ram. This was to ensure that
the tunnel membranes were in contact with the wilthe cavities and that there was no air in
the connecting pipes. This was performed, primatd be certain the tunnels are 40mm in
diameter. If this is not done the reliance of #pparatus is placed on the tunnels being filled
with water from the standpipe faster than the sail swell during the pore-water equalisation.
Since the piping was 1/16” ID this was consideretikely. In addition, any trapped air
between the membranes and the cavities could affegperformance of the apparatus. This is
because the air would have to be squeezed outgdtivinin-flight consolidation. If the bag is
not fully in contact with the membrane the air mag supporting the soil and not the fluid

support.

The rack containing the Linear Variable Differehflfaansformers (LVDTs) was bolted to the

top of the strong box to measure vertical surfatdesnent. The model was then weighed and
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placed on the swing bed. The final tasks wergtsitioning of stand-pipes for the water feeds,
installation of a PPT in the aquifer stand-pipesiponing of the CCD cameras and lighting,
checks of the signal amplification gains, positi@niof the LVDTs to their electrical zero,
connections of all the power supplies, solenoidresland transducers to the junctions boxes,
connection of the fluid supplies to the stand-pipes strapping down the various cables around

the model.

450ml of silicone oil was poured onto the top steféo prevent evaporation of pore water from
the clay during the experiment. This quantity iii€sn oil would be distributed over the plan
area of the model (550x200mm) and have a uniforothdef 4mm at 1g. However, in flight the
radial gravity force would create a curved surfatgch would have a minimum depth of 0.5-

1mm at the centre-line. This overburden woulddfae be negligible.

When the balance calculation, counter-weight pmsiitig, water supply initiated and final

checks made the centrifuge was started.

To support the cavity during spin-up the tunnelppsuit pressure was supplied by the tunnel
standpipe and, therefore did not need to be rezilaanually. When the model reached 100g
the pressurised tunnels were isolated from thedpipa using the plug valve and left, at least
overnight, for the pore-water pressures withinghi to reach equilibrium with the standpipe.

The tunnel excavation simulations were not stanetil the model had reached this stage. The
full test procedure is outlined in further sectionsrom when the model left the consolidation

press the model making procedure took approximatdipurs and a further hour once on the

swing-bed.

7.1.3 Centrifuge Test Procedures

7.1.3.1 Testing for simulated single tunnel excavation (Agmatus A)

Before the tunnel construction was simulated the tayger and image capture sequence was
set to record at approximately one reading perrskcdOnce a number of reference readings
were taken the test could begin. To simulate adligonstruction fluid was drained from

within the cavity using the fluid control equipmen3% of the total volume of the cavity was
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removed. In order to achieve 3% volume loss fsingle tunnel with a 50mm diameter; 7.54ml
had to be removed which took approximately one tein’he centrifuge was usually run for at

least an hour post-test to allow for any longemterovements to develop.

7.1.3.2 Testing for simulated sequential tunnel excavatioffgpparatus B)

As in the single tunnel tests, before any tunnektmictions were simulated, the data logger and
image capture sequence was set to record at apmatety one reading per second. The valve
to the second tunnel (Tunnel B) was closed allowhe first tunnel (Tunnel A) to be solely
controlled by the fluid controlling system. 3 d¥5of the total volume of the cavities were
removed in the twin-tunnel tests. Water was didhifrem Tunnel A to simulate a tunnel
construction. Once the toothed bar had finisheatirg the valve connected to Tunnel A was

closed and a time period representing a construdetay was observed.

Addenbrooke & Potts (2001) specifically addresdeddffect construction delays had on their
twin-tunnel settlement data. Two construction gelacalled ‘rest periods’ in the work, were

explored in this numerical study; 7 months and 3kse Addenbrooke & Potts (2001)

compared these two construction delays with thie Beudy settlement data for Regents Park,
London which had a 2 — 6 weeks construction delHye average scatter from this surface field
data was found to be in good agreement with thee8kwnumerical study construction delay.
The field settlement data in Barlett & Bubbers (@Pwas observed after a construction delay of
2 weeks. The times in these two studies were tsabktermine an appropriate construction

delay to adhere to during the centrifuge twin-tulimg tests.

A construction delay to be used during the cergdfuest series was calculated using the
consolidation related scaling laws (see below) asthg the parameters of n=100, €

0.18mnd/sec or 648muthour (for Kaolin clay) and 3 weeks = 504 hours.
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tm:tv'ﬁ'cp (5.9)

Vm

tn = 504- = 0.0504hrs (7.1)

1002

Equation (5.13) indicates a seepage time of 0.0%f4#s or 3 minutes. Therefore, 3 weeks

consolidation at prototype scale in the centrif(agel00g) can be represented by 3 minutes.

When the simulation of Tunnel B was required, talve to Tunnel B was opened and the fluid
draining was initiated simultaneously. In evergttthe same amount of fluid was requested
from both tunnels. Once the fluid was drainedvhlre was closed and the centrifuge was left

to run to allow for any longer term movements toalep.

7.2 Tests Undertaken

The key aim of the research was to investigatesthitace, sub-surface movements and tunnel
stability of twin bored tunnel constructions inflstlay. The main variables were the lateral and
vertical spacing of the tunnels. Table 7.1 presansummary of the eighteen centrifuge tests.
The tests are split into three categories; singlanel, development and twin-tunnel

experimentation.

The first two tests were of a preliminary nature aesigned to gain experience with using the
apparatus. These were single tunnel tests atreliffeC/D ratios. Although these were
preliminary tests, where the support pressure viaara taken to collapse, useful data was
obtained for comparison. The following two testeravrepeats of the first but with water as the
supporting fluid. However, the test SD4 failed doehe latex membrane not sealing correctly.
These four tests were to examine the success ofnélve modelling techniques to City

University London.

Tests SD5 - SD9 were carried out to develop tha-tumnel apparatus. All of these tests had a
spacing of 1.5D but varied in their stress hiswrieln tests SD7 and SD8 the pre-flight
consolidation pressure was only 350kPa (and swelléb0kPa). This was to increase the rate

of testing in order to increase the rate of appardevelopment. During the testing of SD5 air
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bubbles were observed being squeezed from witleiuthnel cavities. To address this issue the
tunnel cavities, prior to spinning-up, were comgletfilled with water using a syringe as

explained in Section 7.1.2.

Tests after and including SD6 had rectangular patead of circular attached to the legs of the
LVDTs to improve the monitoring ability of the LVDBTand, therefore, improve the surface
data recorded. In order to ensure that the cdrédged_-VDTs do not punch through the surface
of the clay they were originally equipped with aadintircular plastic footing to distribute the

load. It was noted upon completion of the expenitseip to SD5 that these feet were of a size
that could reduce the accuracy of the data espetiahreas where the clay surface was sloping
(Figure 7.5). To reduce this potential inaccurabw, circular footings attached to the LVDT

rods were changed to a rectangular shape. Thizesias beneficial because in regions of
maximum curvature (i.e. £45mm from the tunnel cextitne) the narrowest side of the rectangle

spread over a smaller region of settlement trosgk Figure 7.5).

In tests SD7 and SD8 the rotary solenoids werelarnatoperate. It was discovered subsequent
to the tests that this was because of the orientatf the rotary solenoids on the swing. The
direction of the elevated g prohibited the shafinfrturning. Therefore, the rotary solenoids

were repositioned so the shaft was facing veriigalitead of horizontally.

Tests SD10 — SD12 were conducted for a volume d6s3% with similar stress history and
C/D. Three centre-to-centre parallel tunnel spgeiwere investigated. These were 1.5D, 3D
and 4.5D. These geometries were then repeateal \folume loss of 5% in order to verify the
patterns of movements as a result of tunnel spa@Gml3 — SD15). Tests SD17 and SD18
were offset arrangement tests and therefore hadalatentre-to-centre spacings of 1.5D and

2.25D and all were offset vertically by 1.5D.

7.3 Summary

The purpose of Chapter 7 was to give full detailstte methodology to the centrifuge

experimentation. Full details of model preparatimodel making and the testing procedure are
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described. The second section of this chapteflyora@ outline of each test performed which

includes details of purpose, geometry, stress tyistod problems associated with each test.
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8 CENTRIFUGE MODEL TEST RESULTS

This chapter presents key data obtained from tiperaxental work. Two separate stages of
testing were carried out, namely, a series of testdmmission and validate the performance of
the newly developed apparatus and a series of &eshessing the twin-tunnelling problem.
Example data are presented to illustrate typicaluies of each test series. This chapter also
describes the methods adopted for analysing titedtgda as well as discussion of how any
associated difficulties were overcome. The keyeolmions, from both the single and twin
tunnel experiments, are discussed in terms of #e tkinnelling parameters identified in
Chapter 4. These are generally i or K (settlememigh width), $ax (maximum vertical

displacement) and Mvolume loss).

8.1 Single Tunnel Apparatus Results

It was considered important to assess the effewts® of the newly developed single tunnel
apparatus (described in Chapter 6). The effectiserof the apparatus and the validity of the
results were assessed by comparison with resulésnelol from a more traditional arrangement
of an air supported cavity taken to collapse. Tesis were carried out (SD2 and SD3) where
the support fluid for the tunnel cavity was air amdter respectively. Results from these two
tests were then compared with each other and agautdished material. Surface settlement
displacements were obtained from the LVDTs whichld¢de correlated with displacements

obtained from digital image analysis. The imagelysis data also allowed measurement of the
sub-surface movements. Finally, it was possiblem@asure the tunnel support pressure

(whether air or water supported) via pressure thacsrs at the axis level.

8.1.1 Surface settlements

Figure 8.1 shows the development of the surfacdesent immediately above the tunnel
crown with the reduction of pressure within thertelh It can be observed that the settlement
generated when using the water supported cavity33IBvelops at approximately twice the
rate of the air supported test (SD2) with respedtibnel support pressure. This was due to the

speed set by the volume apparatus motor to end@resitnulated tunnel construction was
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undrained. The maximum settlement in SD3 reachpiateau and remains constant as the
tunnel pressure equalises. The plateau indicdtespbint in the experiment where the
anticipated 3% volume loss has been reached. Wéssdifferent from the air test where the

data was selected based on one point in time.

Figure 8.2 plots the surface settlement profilenessured by the LVDTs from tests SD2 and
SD3. Settlements are plotted about the tunnelredinie. Because of the different support
fluids in these tests the methods of tunnel sinutatliffer significantly. In the case of air
support (SD2) the tunnel pressure was reducedcanstant rate until collapse. In the case of
water support (SD3) the volume loss required wasaeted from the tunnel over a set period of
time. As a result of this differing approach tlegtlement data presented were obtained using
different methods. In both tests baseline readiwgse taken immediately prior to tunnel
construction simulation (i.e. after the pore pressthave equalised on the centrifuge). In test
SD3 the settlement data presented are simply thements observed upon completion of the
extraction of 3% of the volume of water in the tahnin the case of test SD2 the results are
analysed by calculating the area of the surfadéesaint trough for each set of measurements
using Simpson’s Rule. The settlement data predesmte therefore those corresponding with
3% volume loss measured at the surface. A singigdeulation of the area of the surface
settlement trough generated by test SD3 was alsaa@otherefore the settlement data are

considered comparable.

The maximum settlements measured at the tunneteckné varied between tests by 0 (a
percentage difference of around 14% of the avefag¢ The remainder of the measurements
showed closer correlation with the average diffeeehetween the tests being 1%. Figure 8.2
also shows the measurements from the second ro¥DTs (not on the centre-line of the
model) which are labelled ‘2D Check’. The purpadgehe additional LVDTSs is to ascertain
whether the model is behaving in plane strain. fifygng the comparisons between sets of
data was conducted using the nonlinear regressathad (similar to the method described in
Jones & Clayton, 2012) varying VK and the position of 34 to find the minimum value of the

sum of the residuals squared. This assumes thhtdata sets contain corresponding points
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which in the case of the LVDT measurements is trAevalue of zero would indicate that the
two data sets were identical and therefore higlaéres indicate lesser agreement. The sum of

the residuals squared will be referred to herdi@orrelation factor.

To ascertain whether the models are behaving inepfdrain the centre-line and ‘2D Check’
displacements were compared using the nonlineaesspn method. These data sets had
Correlation factors of 0.07 and 0.01, respectiveljhe 0.01 value is due to the centre-line
reading being used for both the 2D check and moeetre-line data. It was decided that the
maximum permissible value for the Correlation Fastas 0.1 when comparing any two data
sets. Therefore, the models were behaving 2-diimealty. This method was conducted again
for the sets of discrete points across the cemteeth SD2 and SD3. The Correlation factor
between these data sets was 0.07 and considebedinogood agreement. It could be assumed

that the movements generated by using air or watee similar.

A Gaussian curve can be fitted to data utilising thfference squared method. The only
variables are the point of inflexion and the maximsettiement and these can be changed to
give mathematically the best fitting curve (i.eriahles that give a Correlation factor closest to
zero). Figure 8.3 has the settlement data andnttieidual fitted curves normalised against
tunnel diameter for clarity. Gaussian curves ditte each test showed the points of inflexion
varied by 4.8mm. This was 7.3% of the averageadcs to the point of inflexion. The
Correlation factor between the curves and the fdatm SD2 and SD3 were 0.05 and 0.04
respectively. Again, these were considered wtlhfj curves as the Correlation factors were

less than 0.1.

The key parameters from SD2 and SD3 can be fourithbie 8.1. Figure 8.4 is the surface
vertical displacements in SD3 (= -341lum, K = 0.542 and a volume loss of 3%) and various
estimation methods. Mair & Taylor (1997) contagndatabase of tunnelling induced settlement
parameters. Figure 3.5 provides typical valuesoofK at the surface. Tunnelling through clay
typically gives values of K between 0.4 and 0.6.rediction methods regularly take a
conservative 0.5 and, therefore, K = 0.542 was @eemcceptable. The Gaussian curve of SD3

data agreed most favourably with Mairal. (1981) in magnitude and shape due to the lowest
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Correlation factor value at 0.04. The other prealicmethods were at or higher than the 0.1
benchmark (i.e. Loganathan & Poulos (1998) and wi¢r& Booker (1996) showed a 0.1

correlation but Clough & Schmidt (1981) showed E30match).

These analyses depend on the accuracy of thernmsttation used. The LVDTs signals were
sent to an on-board solid state computer via an édi2l and this system usetf Bits to read

10V of signal. An example of an LVDT calibratishows 3.42mm of movement is equal to
1V. Hence, 1V is equal to 6553.6bits and 1bitjaat to 5.21x18mm or 0.5um. The accuracy
of the LVDTs could be in the range of +0.25um. c®8inthe smallest recorded vertical

settlements are approximately 20um the LVDTs atalsle for this application.

In summary, the surface settlements as a resuficdements stimulated around the tunnel by
the apparatus were similar to an air supported duexperiment taken to collapse. The
settlements controlled by the volume loss apparatese similar to those documented in
published material. These have been quantifietheyCorrelation factors and were considered

to be well represented because all are below 0.1.

8.1.2 Sub-surface settlement

As previously detailed it is possible to monitothsurface movements using digital image
analysis software. Images taken during the exparirare processed to firstly give movements
in terms of pixels which are transformed using phgodmmetry techniques into real space
measurements. The software ViSIMET was used tfoperthis task (Tayloet al,. 1998) and
the resulting patterns of movements were plottedaours using the commercial package

Surfer. Comparisons are then drawn against puddlishaterial.

Figure 8.5 shows a typical image taken during gregrent. The significant features are the
tunnel apparatus, marker beads (embedded withicl&#y® and control targets etched into the
window and with known-coordinates. The controlg&s are circled in the figure for
identification. The front circular plate of thennel apparatus can be seen in the window recess.
Once a sequence of images has been processed ydoteorof pixel movement can be

generated. Figure 8.6 displays the ground movesrmeisented as vectors in SD2 and SD3 for
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every marker bead at a time when the LVDTs recoal8& volume loss. In this figure there
are two scales featured at the top of each teste fifst scale is for the model. This is the
distance between the starting positions of theetardgiven as crosses). The second scale
displayed is for displacements (shown as linestlvhiave been exaggerated. It may be noted
that the overall pattern of movements is as expegte. the soil move towards the tunnel with
maximum deformations being above the tunnel canggbut there are the occasional random
or misdirected vectors. These are caused by dligtiuations in the lighting levels or partial

obscuring of the markers.

Figures 8.7 and 8.8 are contoured plots (usingeBudf the vertical displacement data from
Figure 8.6. The contours have been shown witherstirrounding soil mass for clarity and at an
exaggerated scale. In addition to the boundarthefsoil mass the boundary for the tunnel
lining is also indicated. In these figures theteedocus points described in Magt al. (1993)
and Grant (1998) are overlain to highlight the clien of movements or the possible position of
the points of inflexion with depth. Overall thestlibution of the contoured movements in SD2
and SD3 show a similar pattern. The reason forstight differences is owing to the varied
supporting fluid used. In SD2 the construction wasulated by a reduction in pressure and
produced more radial ground movements towards dligyc However, in SD3 the self-weight
of the water meant that larger movements occurtdédeatunnel crown (evident in Figure 8.8)
and restricted the movement at the invert. In $gely all the movements can be observed
just within the dashed line of Maet al. (1993) and larger movements within the points of
inflexion dashed line from Grant (1998). WherdasSD3, although the larger movements are
within the lines by Grant (1998) the extent of mmesmts are much less then described those
lines described by Maiet al. (1993). These figures show that the change ipating fluid
has still generated sub-surface ground movements similar shape to those documented in

previous work.

The movements observed by the CCD cameras, howeges,less than anticipated. Mairal.
(1993), illustrated by Figure 3.6, demonstratedt tiiae Gaussian distribution curves

representing horizons of soil displacement areclaegd narrower with depth. The movements
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by the marker beads closest to the surface (nefaesy should be marginally larger than those
measured by the LVDTs. Therefore, to establisHidence in the processing capability of the
image analysis system, a calibration test was ddvisThis test would clarify two matters;
whether the introduction of the additional (tunsepporting) Perspex window had affected the
system’s ability to measure settlements (due tedddfraction) and whether the software was
capable of accurately tracking a known displacemditte two Perspex windows were placed
on the swing-bed at the correct distance from tG® C€amera (i.e. in the position they would
be in during the tunnelling experiments). A shekpaper was attached to the rear of the
window in order to provide contrast for the contianigets. This sheet had a square hole cut into
it large enough for a two by two grid of targefhese targets were printed on a smaller sheet of
paper and glued to a rigid stand which rested omi@ometer controlled bed. By this
arrangement it was possible to move the small goddpur targets by known, precise amounts.
Images were captured whilst the targets were ménagd 0 to 50@um in 10Qum steps. These
images were analysed by VIisIMET and at each steprtbasured average displacement of the
four targets was correctly recorded to withinutrtb(Figure 8.9). By this method the accuracy of
the image analysis software was verified as weklasinating an influence of the additional
thickness of Perspex. However, Figure 8.10 shdwesl¢vel of noise between images of
apparent no movement. This essentially was théowguots of the marker beads from a
collection of images before the start of the tuncmhstruction. The movements have been
magnified by 500 times. The noise is spatiallyd@n with the odd row of horizontal
movement due to “horizontal line jitter” which Gtaf1998) states were due to the camera
electronics. For the most part, the level of nagsapproximately +20m. Assuming n=100,
+20um at model scale would be equal to +2mm at pro®sgale. This is far below 10% of the
maximum settlement expected during twin-tunnellengd therefore considered acceptable.
Based on this the sub-surface settlements monitssid) VisIMET during the tunnelling tests
were considered a relatively accurate reflectiothefbehaviour. Further investigation into the
reasons for the apparent discrepancy between surdac sub-surface movements were

required.
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Grant (1998) determined that the movements meadioed image analysis were less than
expected because of the friction between the windod the clay/marker beads. This work
noted that the image analysis displacements wdigr, a certain magnitude, around L6®
lower than the corresponding LVDT value due to tcksslip” mechanism at the window.
Analysis conducted by Grant (1998) shows that dheemarker beads began to move they did
so at the same rate as the LVDTs. Therefore, Qi898) focused on the patterns of sub-
surface movement and not the magnitude of the granovements. However, to account for
the window friction Grant (1998) modified the vedl displacements recorded by the image
analysis by increasing their magnitude by @iiCover a distance of £2i from the tunnel centre-

line and normalising the vertical settlement agatims maximum settlement.

Figure 8.11 shows the vertical settlement measbyedn LVDT and a near-surface marker
bead above the tunnel centre-line in tests SD2Si@ It can be seen that for a given event
(i.e. the fluid removal was completed) both the LBnd the image analysis system show a
response at the same time but the magnitudes.diffee behaviour in test SD2 shows the near-
surface data acting in what might be considere@task-slip’ behaviour particularly at larger
values of settlement. In test SD3, the displacésnereasured by both systems respond to the
removal of fluid from inside the tunnel cavity dtetsame time. The test was essentially
displacement controlled because this amount ofdfluias requested. Therefore, the
quantification of this error was considered achidearom further analysis of the data from
SD3. It was assumed that similar errors wouldterigach test and consequently the remaining

analysis focused on the water supported test, SD3.

Figure 8.12 has used the method by Grant (1998)dantifying the influence of the friction for

SD3 sub-surface displacement data. For each L\M&iHing at the surface, the near-surface
movements underneath was determined. These pueénésplotted in the space: image analysis
against LVDT settlement. If the two readings wegeal they would describe a line of gradient
equal to one. As the readings in tests SD2 and @D3ot a different description was required.

The ‘best fit’ line for this data was a squareddiion and the conversion between the two sets
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of displacements. An equation could then be detexdnwhich corrects the sub-surface data to

account for the friction and is defined as;

—0.094 + /0.0942 + 2.784 - S, (8.1)
Sz(mod) = :
1.392
where Sis the sub-surface vertical settlement from imaigalysis and

S,moq) IS the modified sub-surface vertical settlement.

Once Equation 8.1 had been applied to the subemurdiisplacement data a Gaussian curve
could be fitted to the modified sub-surface dathsutg the difference squared method. These
curves, similar to the surface data, would mathemiét be the best fitting possible. The

subsequent correlation factors were calculated dversame horizontal distances from the
centre-line as Grant (1998) which was x = +2i. Brél998) also stated that without this

adjustment the distances to the point of inflexisould have been much narrower than
expected. Therefore, this step is needed in datethe data to be compared with published

material.

Figures 8.13a, Figure 8.13b and Figure 8.13c slweetdepths of settlement from test SD3.
Figure 8.13a shows the near-surface vertical digphent in SD3 against settlement estimation
methods for a depth of 2mm. The Gaussian fit,(S -354um and K = 0.492) agrees most
favourably with Mairet al. (1993) with a Correlation factor of 0.04 whereasyhnathan &
Poulos (1998) was 0.11 matching. Figure 8.13b shitye vertical settlement for a horizon one
diameter from the surface. The Gaussian fit.{(S -43Qum and K= 0.671) to this sub-surface
data again agrees more favourably with Mairal. (1993) with a correlation factor of 0.1.
Finally, at 1.5 diameters depth from the surfadgufe 8.13c) the Gaussian fit (Smax = -pdil
and K = 0.799) has a correlation factor of 0.0hwviitair et al. (1993) compared with 0.22 for

Loganathan & Poulos (1998).

In summary, a description of how the overall patteof sub-surface movement during tests
SD2 and SD3 were obtained was shown. The magsitoidine displacement were shown to be

affected by friction at the window as the ‘2D Cheetk'DTs were consistent with the row of
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LVDTs at the centre-line of the model. Althougle tlest of this study will describe sub-surface
movements in terms of relative patterns of movemaseful parameters of the settlements

trough can be determined by taking into accounttimelow friction.

8.1.3 Tunnel support pressure

Figure 8.14 shows the history of the tunnel pressamd pore pressure transducers during
simulated tunnel excavations. SD2 and SD3 shoveduation in pressure following the
simulated construction before pore-water pressbeggn to equalise. This was due to the

constant water supplied by the standpipe to mairites water table at the surface level.

The values of time (on the x-axis) are set fromstagt of the reduction of air pressure or start
of the fluid removal. The behaviour of the wateegsure data (SD3) was completely different
to a ‘typical’ air supported tunnel (SD2). This svBecause the pressure in an air supported
cavity is controlled and thus will show a lineaduetion in pressure. However, in SD3 the
pressure was only measured and a result of thegehanvolume. The difference in pressure
change has previously been directly related tmtiserved magnitude of movement at the face.
This could be further investigated using the emoplrrelationship described by Macklin (1999)
and substituting the parameters from test SD3. éXpgession featured in this work aimed to
predict the volume loss around single tunnels iercensolidated clay. As stated in Chapter 4
the relationship was formulated after collating snarecorded volume losses and their

corresponding load factors.

This was conducted by first calculating the stapitatio of the tunnel in SD3 and the load

factor using the equations below;

N = <O‘s +vy(C+D/2) —0T>

S, (3.12)

The tunnel pressure used was the lowest recorded daring the fluid removal (98.2kPa) and
the value of $was recorded post-test by shear vane (51.6kPhg vértical stress above the
tunnel was calculated using the depth to the tuaxisllevel (also where the shear vane reading

was taken) and the unit weight of soil (taken frénant, 1998) equal to 17.5kN/m
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N = 0+ 17.5(10 4 5/2) — 218.75
- 51.6

(8.2)

Therefore, N = 2.3. This value is divided by N 4 using Equation (4.1) to obtain the load

factor (LF) as shown below;

LF = N 4.1

- NC ( " )
2.3

LF = — 8.3

2 (8:3)

The load factor is therefore equal to 0.584 andsfead the condition LF0.2. The empirical
relationship by Macklin (1999) could then be usedptedict a volume loss equal to 3% as

shown below;

V. (%) = 0.23e**1F) for LF>0.2 (4.2)

VL (%) = 0.23e*4(0:58%) = 3 006% (8.4)

This is important for a few reasons. Firstly, thhe soil model was analogous to an
overconsolidated clay and therefore so will anyssgjoient soil movements. It is also evidence
that the pressure within the tunnel is directhyatetl to the amount of soil movement at the
surface (which was also measured to have a volossgdqual to 3%) and that the construction
event was undrained. Lastly, as the expressioMagklin (1999) was based on many field

measurements, in addition to other centrifuge ewparts using the pressured air filled rubber
bag method, and therefore the removal of fluidimoutate parts of a tunnel construction could

be used.

8.1.4 Summary of experimental verification
In summary, the tunnelling-induced settlements radled by the volume loss apparatus were

comparable with those documented in published nahtehe parameters extracted from the
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curve fitting exercise are shown to be similartiose presented in the Mair & Taylor (1997)
database figures. This completes the verificabbthe apparatus. The methodology of the

analysis applied over Section 8.1 is also apphbettié¢ twin-tunnelling analysis.

8.2 Overall patterns from the twin-tunnelling tests

Results presented in this section are intended igblight overall observed patterns of
displacements over various twin-tunnel arrangemeuntbned in Chapter 6 and 7. Tunnel A
(known as Tunnel A) chosen for construction vafiesn test to test (i.e. left or right hand
tunnel first). This verified no external effectsthe displacements were evident. Therefore, in
the twin-tunnel figures a centre-line label denatdeether the tunnel was bored firstyfTor

second ().

8.2.1 Surface settlement from twin-tunnels

In total eight twin-tunnel tests were conducted sulnmary of the details from each test can be
found in Table 7.1. The settlements between thging volume losses and geometries have
been compared by normalising vertical displacemagésnst the maximum settlement from the

construction of Tunnel A.

Figure 8.15 shows the normalised total verticaltlesment from both the twin-tunnel
arrangements spaced 1.5D apart (i.e. tests SD1&GRa8). Figure 8.16 shows the respective
data for arrangements spaced 3D apart (i.e. SDAS&14). The results from tests SD12 and
SD15 are shown in Figure 8.17 and are from thengements with a centre-to-centre spacing of
4.5D. Finally, the two offset arrangement testP. (SD18) and 2.7D (SD17) are shown on
Figure 8.18 and Figure 8.19, respectively. Gehgrakross Figures 8.15 — 8.19 the total
vertical settlements between the 3% and 5% testw shfairly good level of consistency. In
section 8.1 the settlement data chosen was agardimpletion of the fluid removal from within
the tunnel. In the case of all the twin-tunneltgethe settlement data was taken after the

completion of the fluid removal from within Tunngl

In addition to the discrete points there are aladous curves representing the prediction

methods first outlined in Chapter 4. The predittaurves for the twin-tunnel arrangements
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were produced after an assessment of the settlerdeatto Tunnel A. Tunnel A data was taken
after the completion of the fluid removal and assdsusing the curve fitting exercise outlined
in Section 8.1.1. This curve was duplicated aadgported over the centre-line of Tunnel B for
the prediction of these settlements. Dependarthermethod, the Tunnel B prediction curve
could be summed with the prediction curve for Tumdor superposition or modified and

summed for the prediction method of Addenbrookeat$?(2001) or Hunt (2004). The Twin-

tunnel curves would then be eliminating any incstesicies in soil preparation and give a fairer
assessment of any prediction method’s effectivenédsreover, settlement trough shape has
been shown to remain constant with volume lossr{tz8alaylor, 2000) between volume losses
of 2 - 20%. At different spacings, the settlem@gotighs for the twin-tunnel tests were also
found to remain constant between volume losses %f &d 5%. Therefore, the fitted

normalised curves were averaged between the 3%%rtests for the plots.

Figure 8.15 shows the superposition and Addenbré&oRetts (2001) prediction curves equally
spaced away from the settlement data which is atefte in the Correlation factors.
Superposition and Addenbrooke & Potts (2001) hadrelation factors larger than the 0.1
benchmark for SD3 at 0.14 and 0.13 respectivelyuntH2005) was larger still at 0.19. In
Figure 8.16 there is a marginal increase in theliptien curves reflected in the subsequent
Correlation factors. Superposition, Addenbrooké®étts (2001) and Hunt (2005) have values
of 0.1, 0.09 and 0.16 respectively. At this spgdiBD) Addenbrooke & Potts (2001) could be
used as a fairly accurate method for the predictbmtwin-tunnel settlements. In the 4.5D
spacing, Figure 8.17, superposition under prediots magnitude of the settlement whereas
Addenbrooke & Potts (2001) and Hunt (2005) ovedjtethe amount of settlement. This is
evident from the Correlation factor values wheral@dabrooke & Potts (2001) and Hunt (2005)
are as much as 0.17 and 0.18 respectively. Iroffiset arrangements, Figures 8.18 and 8.19,
the theoretical settlement for a greenfield turimadl to be used for Tunnel B instead of the
transposed Tunnel A fitted curve. This was bec@lusearying depths of the tunnels meant the
settlement predicted settlement troughs would asttbeen equal for Tunnel A and Tunnel B.

However, in Figure 8.18 superposition was still exigr with a Correlation factor of 0.07
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whereas Addenbrooke & Potts (2001) had a valueasf 8nd Hunt (2005) a value of 0.16. This
trend is repeated in Figure 8.19 for the 2.7D spaciSuperposition is the closet of all the
Correlation factors at a value of 0.03. Addenbm&kPotts (2001) and Hunt (2005) had values

of 0.34 and 0.16 respectively which both over mEtfie settlements.

It is clear that superposition does not take irdooant the sequential unloading of the soil and
therefore, the curve does not always represerftrthkdisplacement very well. The predictions
of Addenbrooke & Potts (2001) at specific tunned@pgs tend to be in fairly good agreement
with the experimental data at the extremities @& Hettlement trough. Although, with the
exception of the 2.7D spacing test, Addenbrookec&d(2001) showed the closest fit to the
centrifuge data in the 3D test with a Correlatiaatér of 0.09. This was still not as well fitting
as the single tunnel tests addressed in the se8tion Hunt (2004) had the largest errors and
largest range with errors between 0.16 and 0.19nt’sl research has shown to produce a good
agreement with the centrifuge results at both ttteemities. However, this method tends to
over predict the magnitude of settlements. BotleXdbrooke & Potts (2001) and Hunt (2005)
produced prediction methods that give fairly goadrelation with the test data for different
specific spacings given the proviso for the extodume loss in the simulation of a second
tunnel construction. Table 8.2 contains a sumnoérghe Correlation factors for all the twin-

tunnelling tests.

In Figures 8.20 — 8.24 the twin-tunnelling settlatsevere separated into those associated with
Tunnel A and Tunnel B. The settlement after thestwction of Tunnel A was subtracted from
the total settlement to give the settlement sotklg to Tunnel B. These figures were then
normalised by the same method as outlined prewoustigure 8.20 shows Tunnel A and
Tunnel B settlement for 1.5D spacing. The Tunnetettlement had an average Correlation
factor of 0.04. Figure 8.21, which illustrates thettlement from the 3D spacings, shows a
Tunnel A Correlation factor of 0.05. The Tunnel skttlement in Figure 8.22 shows a
correlation factor of 0.07 which is the largest@pg and shows the largest value. Both the
offset arrangement, Figures 8.23 and 8.24 had eefation factor of 0.03. Therefore, across all

eight tests the Tunnel A settlements were well mate with the standard tunnelling-induced
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Gaussian distributions. Therefore, Tunnel A setiet was minimally effected by the presence
of the other tunnel apparatus and the subsequssibloshear strength due to the replaced soil.
Furthermore, the larger values of the Correlatiactdr associated with the twin-tunnel
prediction curves must be due to the Tunnel Besattht. In summary, from these figures it is
clear the data points associated with Tunnel Bhateequal to Tunnel A. The trends of the non-

standard response, with spacing, of the seconcsiane explored in more detail in Chapter 9.

8.2.2 Sub-surface Settlements from Twin-Tunnels

Figures 8.25 — 8.27 illustrate the distribution wimodified vertical displacements, in the
parallel arrangements, calculated using VisiMET aodtoured by Surfer. The largest insert
displays the twin-tunnelling contours after bothrtal constructions have been simulated. The
widest spacing (Figure 8.27) shows almost symnadtdontour patterns and therefore little or
no visible interaction. However, in the 3D cas@(Fe 8.26) there was a level of asymmetry.
Around one of the tunnels there is an increaseémtagnitude of settlement around the crown
and at the surface directly above the crown. éndlosest spacing (Figure 8.25) due to the level
of interaction the amount of lean displayed in domtours has been greatly affected. The
inserts show the individual tunnel settlements ahfel A and Tunnel B. The movements
associated with Tunnel A in all these figures staosimilar pattern and magnitude regardless of
position. However, in Tunnel B the contours varyhieir pattern. It can be seen that the closer
the spacing the nearer the -0.30 to -0.35 (mm)ozordets to the surface. In the widest centre-
to-centre spacing the contour remains just aboeectiown of the tunnel. As the spacing

between the tunnels decreases, the contour bridgaghe crown to the surface.

Similar to section 8.1.2 these sub-surface verticgtlacements, at three depths in each model,
were modified using friction equations to assesw lgsential prediction parameters change
with depth. The individual friction equations apel found in Appendix B. The modified sub-
surface settlements are shown in Figures 8.28 2. 8The figures show the total settlement
(measured immediately after both tunnel constrasdiothe Tunnel A settlements (measured
immediately after the first tunnel construction)dathe difference of these two sets of

settlements (Tunnel B). The curve fitting exercises applied to Tunnel A settlements in order

83



to determine parameters for comparison with publtistvork. Figures 8.28a, 8.28b and 8.28c
show the three depths from one of the 1.5D spaigats. Consistently, K is within that of
published works and is approximately 0.5 at neafase and is larger with depth. The
Correlation factors for the three Tunnel A setslafa are approximately 0.1.  Figures 8.29a,
8.29b and 8.29c are the three depths analysedtésinsD11. At the 3D spacing the Tunnel A
is shown to be narrower at near-surface then tHacidata. However, the K values are still
reasonable (between 0.4 and 0.6) and get largérdeipth. The Correlation factors for these
depths vary between 0.09 and 0.13. The 4.5D spamib-surface data is shown in Figures
8.30a, 8.30b and 8.30c. The near-surface settleofidiunnel A has K values which follow the
standard trend (increasing from 0.5 at the surfeitte depth), however the Correlation factors
are larger than the previous arrangements at appataly 0.15. The 2.7D offset arrangement
is the best fitting Tunnel A data. The Correlatfantors with depth in Figures 8.32a, 8.32b and
8.32c range between 0.03 — 0.05. However, theldegaare slightly narrower starting at the
near-surface with a value of 0.48. In summary,dfiects that can be observed at the surface
are also present in the sub-surface data. Sitailtve surface data, the trends in the Tunnel B

data will be explored further in Chapter 9.

8.2.3 Tunnel support-pressure data from Twin-Tunnels

A change in the pressure was created during tmwval of fluid from inside the tunnels.
Figures 8.33 — 8.37 show the significant tunnebguee and pore-water pressure during these
experiments. The behaviour resulting from the atea construction was similar for each test.
Typically the tunnel pressure reduced linearly tloe first stage of the construction. In the
second stage the rate reduced in a non-linear mhrawntil reaching its lowest point. This was
when the simulated construction has finished. flineel pressure then began to rise again to a
new equilibrium pressure in an inverted non-linea@naviour. This final point was lower than
the start of the simulated tunnel construction.e Becond tunnel construction always began
during the stage of regaining equilibrium. Theuetbn of the pressure due to the construction
of the second tunnel was always a greater charagettat by the first. This will be discussed

in greater detail in Chapter 9.
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The pore-water pressure data displayed in FiguBd @&nd 8.35 is from the PPT situated
between the tunnels. This data was only availtdil@ests with sufficient space between the
tunnels (i.e. not the 1.5D cases). In all casés shows that at the start of the tunnel
construction there was a rise, followed by lineacrdase, during the tunnel construction, and
after the tunnel construction there was a non-titegrease. The pore-water pressure showed
this same behaviour but exaggerated due to thenddaonel construction. As with the tunnel

pressure, a detailed discussion of the pore-wagmspre behaviour can be found in Chapter 9.

In summary, the tunnel pressure data showed sirbiddsaviour to the single tunnel cases.
However, the reductions in pressures were noticirtetween each of the tunnels in a test. It
appears the second tunnel consistently has a gr@age in pressure when compared to the
first. The trends of the difference in pressurd tre relationship with the settlement data will

be explored in greater detail in Chapter 9.
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9 DISCUSSION

This chapter explores the implications and appbcabf the data presented in the previous
chapter. The patterns across all the various tispaeings were combined to give new insight

into tunnelling-induced settlements which may befuisfor future design.

It was shown in the previous chapter that in thesggeriments the settlements generated upon
construction of the first tunnel (Tunnel A) agreedll with established prediction methods.
This is expected as Tunnel A is effectively constied under greenfield conditions. It therefore
follows that any improvements in prediction methddistwin tunnelling projects must focus
solely on the settlements induced by the secondeluiTunnel B). The relative differences in
settlement have been addressed in terms of thenptees needed to predict displacements due
to twin-tunnel construction. These are volume (343, maximum settlement (g) and trough

width parameter (K).

9.1 Increase in volume loss caused by second tunnel stmuction

This section addresses the magnitude of the difée® in volume loss associated with
construction of the second tunnel. Across thestpstformed the measured volume loss created
by Tunnel B consistently increased when compareth whe volume loss observed upon
construction of Tunnel A settlement. Figures 8-28.24 and Figures 8.28 — 8.32 show the
surface and sub-surface vertical settlements framn&l A and Tunnel B in each test. The
figures have the distance from the centre of thdghonormalised against the diameter (x-axis)
and the settlement normalised against the maximeittesient measured in Tunnel A (y-axis).
The normalisation allowed the 3% and 5% volume lkesss, for a particular spacing, to be
shown on the same figure. The vertical settlemdn&sto Tunnel B were separated into those
towards Tunnel A and those away from Tunnel A. olmler to extract parameters for
comparison Gaussian curves were fitted to thecadrsiettlement measurements on each side of
the settlement trough in this way. The volume Mas determined by the addition of the area
on each side of the settlement trough. In Chaptér was shown that the magnitude of

settlement due to Tunnel B was larger than TunnelThis could be better described as an
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increase in volume loss. An increase was deteuriayecalculating the difference in volume
loss between Tunnel B and Tunnel A in each modehis was converted into a percentage
increase by dividing this difference by the volukoes from Tunnel A. Using the Tunnel A
volume loss as the greenfield volume l0sgQf V| greentieid from each test would minimise any
inconsistencies in model making. Table 9.1 sunsearthe percentage increases from these

analyses.

Figure 9.1 presents the relative percentage inessiasthe volume loss from Table 9.1 in terms
of centre-to-centre spacing. This shows at 1.58cisig the maximum percentage increase in
volume loss caused by the second tunnel was 2%86. Maximum spacing tested (4.5D) shows
only an 8% increase in volume loss. The offsedragements were incorporated into Figure 9.1

by using the distance from the centre points otamaels.

Also included in this figure is a trend from a nuioal study by Addenbrooke & Potts (2001)

and two case studies. Lafayette Park measuremenéstaken at the surface with twin-tunnels
bored at 1.7D spacing which resulted in a 32% #m®e(Cording & Hansmire, 1975). The

Heathrow Express tunnel measurements, however,takea at a depth of 1.44D and a spacing
of 2.6D with a 19% increase in volume loss (Cooperal., 2002). These published

measurements lay between the trend of Addenbrookoigs (2001) and the 5% volume loss
tests from the current work. The overall trendvehdhat the centrifuge study demonstrates
lower increases in volume loss when compared with tumerical study and case histories.
The reason for this could be because often nuniestiedies model the soil as a continuum and
therefore the movements tend to be larger. IntmddiStallebrass & Taylor (1997) stated that
often centrifuge data is preferred because it issipde to avoid uncertainties such as soil
variability, scarcity of instrumentation and thequeness of the data which may be reflected in

the position of the field monitoring data pointstbe figures.

As well as surface settlement analysis there waalysis conducted on the sub-surface
settlement. Although an attempt was made to matthéy sub-surface vertical settlements by
taking into account the window-soil friction (dissed in Chapter 8) for some of the tests the

correlation between surface and modified sub-saerfdeta was unclear. Therefore, any tests
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that were affected in this way were omitted whiebulted in one test per spacing being used.
Table 9.2 summarises the sub-surface vertical menénata extracted at three different depths
below the surface of the models. The three deptre near-surface (9mm), 1D below surface
(39mm) and 1.5D below the surface (59mm). Figur2 presents all the volume loss

percentage increase for sub-surface data and sutttda from Table 9.2. The near-surface and
surface data show similar levels of increase with hear-surface sitting slightly higher.

Largely, at the 1D depth the magnitude of percentagjume loss increase was higher than the
surface and conversely the 1.5D depth had lowaregablthough the reason for this remains

unclear.

Figure 9.3 is a simplified version of Figure 9.2larould be used for design. An average of all
the percentage increases from surface and allethads| of sub-surface is shown on Figure 9.3
and the equation from this line. However, an elranding of this data was also carried out.
The upper and lower bounding lines were the bedinks generated from the 1D and 1.5D
depth sub-surface data. These two lines which makihe band are at a maximum £7% from
the design line. Also displayed on Figure 9.3his trend of Addenbrooke & Potts (2001) and
data points which represent the two aforementidiedd studies. It should be noted that both
the measurements from Lafayette Park and the Heathxpress Tunnels fall within this range
as does the Addenbrooke & Potts (2001) curve belapacing of 3D. However, the larger
spacings by Addenbrooke & Potts (2001) show a tgpgecentage increase in volume loss than
the centrifuge data possibly caused by this beingumerical study as opposed to field

observations or physical test data.

9.2 Trough width parameter

This section addresses the extent of the settlenmassiociated with the construction of Tunnel
B. At closer tunnel spacings there was a tendéorcthe settlement trough induced by Tunnel
B to become asymmetric. This asymmetry was cheriged by the relative differences in the K
values between each half of the settlement troddiese are referred to as K towards Tunnel A

and away from Tunnel A.
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In both the 1.5D spacing tests (SD10 and SD13)kthalue away from Tunnel A changed
minimally compared with the K value towards TunAel In SD10 this was 0.55 to a narrower
0.54 and in SD13 the value was 0.56 which incre&s@®d57. These are all within the 0.4 — 0.6
accepted range for clay suggested by Maial. (1993) and, therefore, fit well with field
measurements for clay. However, on the oppodiie ai the settlement trough (towards Tunnel
A) the values of K increased. In SD10 K increaed 0.54 to a wider 0.70 and in SD13 K
increased from 0.55 to 0.71. This trend was npaent in the other parallel spacings which
were largely symmetrical, however, in the offsebrgetries a similar effect can be observed.
The settlement troughs observed with the offsetrg@ments were for the first (deeper) tunnels
within the accepted range for K values. Howewerthe 2.12D spacing (SD18) the K value
towards Tunnel A increased from 0.46 to 1.09 andhan 2.7D spacing (SD17) the K value

increased from 0.47 to 0.85.

Figure 9.4 shows the K values with depth given abl€ 9.1 and Table 9.2 This figure is
presented in the same format as that given in lea@t. (1993). This gives the trough with
parameters towards and away from Tunnel A foresdts. The trough width parameters away
from Tunnel A and towards Tunnel A for spacings\ab8D agree with the published values of
K in Mair et al. (1993). However, for the spacings below 3D tleugh width parameter
towards Tunnel A are shown in Figure 9.4 to forwiifierent line. This new line is similar in
shape to the published single tunnel line by Maal. (1993) but offset to the right. Instead of

starting at a value of K = 0.5 at the surface nbwe line starts at 0.7 and increases with depth.

9.3 Support pressure associated with Tunnel B construan
In Section 8.3 the results from the tunnel suppogssure and PPT data were presented during
the two constructions. In this section the suppogssure data and PPT data will be analysed

further in order to provide some insight into tletative differences in Tunnel B behaviour.

The arrangements where the tunnel depths were shoald imply that the initial supporting
pressure would be equal. However, before the sitiams of the tunnel constructions, the

tunnel support pressures were varied. This wasmaess to be owing to the interaction between
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the soil and tunnel membranes during pore-watesspire equalisation. To account for the
tunnel support pressures not being equal at thieaftthe simulated constructions the data was
plotted in terms of the change in pressure. Fig@& — 9.7 show the differences in Tunnel
pressure and pore-water pressures for the pamtahgements. The difference in tunnel

pressure for Tunnel B was always larger than hral tinnel A.

In Chapter 4 the relationships between tunnel lialN) and tunnel support pressure were
outlined. Macklin (1999) and Mair (1979) relatedvament (or volume loss) to tunnel stability
and therefore tunnel support pressure. It was shinwhese studies that a reduction in support
pressure would result in movement and thereforeater reduction in pressure would result in
greater volume loss. This is perhaps the reaspith#o additional second tunnelling-induced
settlement. This relationship between tunnel seesand tunnel settlements were investigated
in more detailed by Mair & Taylor (1993). This dyuproduced closed-form plasticity solutions
for an unloading cylindrical cavity. In order telate stability (or tunnel pressure) to
displacements and changes in pore-water pressamenber of equations were derived. These
equations assumed undrained behaviour, an inigatrapic stress state and geometrical

axisymmetry.

For a linear elastic perfectly plastic continuum;

2
Ur _ 35uRp” (9.1)
r 2E r?
Rp?
Au = Sub—z (92)
Rp N-—-1
P i 9.3
T =e() ©2)
where Ur is radial movement at radius r,

a is radius of tunnel cavity,

b is radius of far field measurement i.e. distaiocsurface,
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N is the stability radio given in Chapter 3,

S is the undrained shear strength at tunnel axi,lev

E is the Young's Modulus,

Au is the change in pore-water pressure,

R, is the radius, r, of plastic zone, and

Au is predicted as equalling zero in the elastiooregvhere r>R

However, using the non-linear function (for the Boolay in Mair & Taylor, 1993);

(9.4)

=6 ()

The secant stiffness, G, increases linearly withius G is an arbitrary reference stiffness at r

equals x.

Y _3rRe (9.5)
r 2Er r
Au=S, (— Rf“') 9.6)
Ren N
%’ = exp(E - 1) (9.7)

Au in the plastic region is still as given by Eqaat{9.2) but the radius, r, of the plastic zone is

Ren andAu in the elastic region is given by Equation (6) Equation (9.7).

Predictions from these relationships were compaiét pore pressure data obtained from the

3D and 4.5D spacing tests.

Due to the limited spacailable between the tunnels for

installation of PPTs, data only exists for thedesith wider spacings. As a direct result of the

change in volume during a tunnel construction tRd Peadings show a change pressure. In

these arrangements a PPT was set at the tunndeagishalf way between the two tunnels. In
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the 4.5D tests (SD12 and SD15) this was 60mm frach ¢unnel’s centre point and therefore in

the elastic region as defined above.

The radial displacement, Ufor the 3D spacing case, was calculated usinmear-elastic
perfectly plastic approach. This used values afrill pressure during the experiment and the
undrained shear strength after the experimenthidfvalue of displacement was assumed to act
uniformly around the circumference of the tunned tlolume loss would be 2.4%. It is also
assumed at this distance from the tunnel boundietyno overall change in pore-water pressure
has occurred. During SD11 the volume loss measareéde surface was 2.6% and therefore
this method gave a reasonable estimation of thgladiements. When using the non-linear
elastic approach the prediction is much lower folume loss at only 0.9%. However, this
method estimates a reduction in pore-water pressudékPa. This compares well with the

12kPa reduction measured by the PPT in the cegérifest SD11.

The linear-elastic perfectly plastic approach whent applied to the data obtained from
simulation of Tunnel B. The volume loss calculatess equal to 2.6% and had no change in
pore-water pressure. This shows an increased olass compared to Tunnel A, although the
magnitude is not as significant as the 2.9% medsatdahe surface during SD11. The non-
linear elasticity approach was also undertakerTtomel B data and predicted the volume loss
was 0.5% and the change in pore-water pressureWwaskPa. However, in SD11 the change

in pore-water pressure measured by the PPT duangdl B was less than 1kPa.

This behaviour was repeated in the 4.5D tests dtin the volume losses tested. The analysis
described in Mair & Taylor (1993) produces presscinanges and Volume loss values that
agree well with the data obtained for constructanTunnel A. This is expected because
Tunnel A was constructed in a greenfield scenaklowever, this analysis approach cannot be
used to predict changes in pore-water pressureéadliannel B. The detailed analyses of these

linear-elastic perfectly plastic calculations aneeg in Appendix C.
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9.4 Application of the design charts

A set of procedures are described in this sectidretused for the prediction of twin tunnelling-
induced settlements in the plane transverse t@advancing tunnels. These procedures are a
modification to the superposition method first gt by O’Reilly & New (1982) in which the
settlements due to Tunnel A and Tunnel B constastiare summed to predict the twin-tunnel
settlement. Tunnel A settlements can be calculbyeithe methods outlined in Chapter 4 using
the equations by Peck (1969), O'Reilly & New (1982)d Mairet al. (1993). Tunnel B
settlements can be estimated using the expresdeatsired in these texts, but with specific
parameters changed according to Figure 9.3 andd-ig4. The specific modifications are
detailed in the following sections which have beeparated into those associated with surface

and sub-surface settlements in overconsolidatgd cla

9.4.1 Surface settlements

Tunnel A surface settlement profiles were well dibsd by the established Gaussian curve
distribution where the volume loss is usually ckited by the area under a curve fit through
these settlements. Twin-tunnel surface settlemedtictions could be improved by considering
the relative differences between Tunnel A and TuBnsurface settlements. Previously, it has
been shown that the relative differences betweem@&luA and Tunnel B settlements can be
quantified by relative increases in volume loss amlifference in K. The method for predicting

surface Tunnel B settlements is described herein.

Predictions of Tunnel B settlements are similaEtuation (4.3), Equation (4.4) and Equation
(4.5) for centre-to-centre spacings larger thenv8igre a K value of 0.5 for both sides of the
settlement trough would be appropriate. Howeveguie 9.3 could be used to quantify the
amount of increase in volume loss used in theseesgns. Once a volume loss is known or
one has been assumed for Tunnel A, a modified vahtained using Figure 9.3, can be used as
the basis of a prediction for Tunnel B volume lo&ubsequently, Tunnel B settlement can be
estimated by using Equation (9.1), Equation (9.8) &quation (4.5) for centre-to-centre

spacings larger then 3D;
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V 1.D?
Smaxt, = o.313.”i—B (9.8)

i = K " ZO (45)
XB2
S/TB = S’naxTBeXp _? (99)
where $is the vertical settlement, at a defined horizbptént, in the x-z plane,

Shax IS the theoretical maximum settlement at the tuoestre-line,

Xg IS the lateral distance from Tunnel B centre-line,

i is the lateral distance from the tunnel centne-lio the point of inflection in

the Gaussian distribution curve,

V. is volume loss expressed as a ratio,

D is the bored tunnel diameter,

Z, is the vertical distance from the un-deformedatefto Tunnel B axis level,

K is a dimensionless trough width parameter and

The suffix Tg infers the modified value related to Tunnel B lsetents using

Figure 9.3.

However, the estimation of Tunnel B surface settienior centre-to-centre spacings below 3D
must use a similar procedure to that above. $uggested here that a value of K equal to 0.7
appears more appropriate for the side of the ssdthé trough towards Tunnel A. Therefore, the
determination of the settlement due to the constmicof Tunnel B would be in two parts,
firstly, towards Tunnel A and secondly, away fronmfiel A. Settlement away from Tunnel A
can be estimated using the procedure outlined abdhe settlement towards the tunnel must

change Equation (4.5) to give a modified the vdhrei towards the tunnel. Equation (4.5)
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should use a value of K equal to 0.7 instead of OFhe increased in volume loss and
subsequent 3 remain the same as the side away from Tunnel ASpietwards Tunnel A will

be calculated using the new value for K and subesatyui.

Similar to the superposition method of O'Reilly &N (1982) the two individual tunnelling-
induced settlements, positioned over the tunnaigadive centre-lines, can be summed to give

the total predicted twin-tunnel surface settlement.

9.4.2 Sub-surface settlements

Tunnel A sub-surface settlements were reasonalpyoapnated by the Gaussian distribution
described by Maiet al. (1993). A similar pattern in the relative diffames of settlements was
apparent in the sub-surface data for Tunnel B dlseasurface. Therefore, a similar procedure
to the prediction Tunnel B surface settlement cdiddused for the prediction of Tunnel B sub-
surface settlements. Centre-to-centre spacingefdahen 3D could use an increased volume
loss from Figure 9.3 and K values predicted by gigiquations (4.11) and Equation (4.12) from
Mair et al. (1993). However, as with the surface predictioocpdure, a different procedure

would be needed for sub-surface settlements tovilardsel.

XZ
Sz = Szmax€Xp <_ 2Ky Z(Zo — Z)2> (9.10)
B

where z is the vertical distance from the un-defmt surface to the horizon analysed,

Sz is the subsurface settlement in the x-z plame, a
Szmax IS the maximum subsurface settlement (above theelucentre-line) at

depth, z.

Figure 9.4 can be used to estimate the trough widthmeter, kG, at a specific depth (z).
The new value of K can be entered into Equatiob0with the modified .. value resulting
from the increased volume loss (Figure 9.3). Simib the surface superposition method the
sub-surface twin-tunnelling settlement can be estih by summing Tunnel A and Tunnel B

settlement for a given depth.
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9.5 Summary

The data obtained in the previous chapter has tempiled to give new insight into tunnelling-
induced settlements which may be useful for fudesign. Improvements in the prediction
methods for twin tunnelling projects were shown ke possible when considering the
settlements induced by a closely constructed setuomiel (Tunnel B). Tunnel B settlements
were shown to be larger in magnitude compared Withnel A at the surface and with depth.
This phenomenon was characterised as an increas#ume loss. In addition the side of the
settlement trough towards Tunnel A was wider thaedigted by published values of K

indicating an asymmetry of settlements generatetiunnel B.

A possible synthesis for these observations woel@ increased stiffness within parts of the
soil mass. During both tunnel constructions theeMRressure Transducer between the tunnels
measured the increase in excess pore pressurer(shdéwgures 9.6 and 9.7). In both cases the
magnitude of excess pore pressure was greatehdéosdcond simulated tunnel construction

compared with the first.

The amount of fluid removed from both tunnellingt®ms remains the same and therefore the
tests are displacement controlled. In order toeaehthe observed PPT readings the stress
change must be different between the two simulédedel constructions. Hence, a greater
change in excess pore pressure could result frorm@ease in stiffness. Different stress
changes within the soil mass will lead to differeiigplacements as was observed in Figures
8.15-8.24 and Figures 8.28-8.32. In order to fulhderstand these possible stiffness changes
either a numerical model could be developed ormaptehensive series of triaxial tests carried
out to investigate the stress paths associated twiitth tunnel construction. Such detailed

numerical analysis is outside the scope of thisetiirresearch.
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10 CONCLUSIONS

Within this final chapter the findings of the tresiill be drawn together to give a summary and
a series of conclusions. The limitations of therent research and recommendations for

possible further work are made based on these usinak.

10.1 Summary of work undertaken

This thesis contains an extensive literature revieww the prediction of ground movements
generated from twin-tunnelling in urban environnser@nalogous to London (i.e. built in
moderately stiff overconsolidated clay). Curremaqgtices are largely based on empirical
prediction methods, concerned with single tunne&egfield arrangements (i.e. Peck, 1969;
Cording & Hansmire, 1975; Clough & Schmidt, 1981R€illy & New, 1982; Attewell &
Yates, 1984; Cording, 1991; Maidt al., 1993 and Mair & Taylor, 1997). A number of case
studies have shown a relative difference in thdeseénts due to each tunnel construction (e.qg.
Cooperet al., 2002; Cording & Hansmire, 1975 and Nyren, 1998)Jhese were further
investigated by numerical studies which suppors¢hebservations (e.g. Addenbrooke & Potts,
2001 and Hunt, 2005). It was clear that significarsight could be gained from a physical

modelling investigation, at prototype scale, inbgeential twin bored tunnel construction.

Therefore, apparatus was designed and fabricateel tsed in a series of plane strain centrifuge
tests investigating twin tunnelling-induced setttens in overconsolidated clay. The apparatus
necessary to perform these tasks required a signifiamount of time to develop and was
relatively complex. The novel apparatus was desigduring the research to enable the
simulation of the construction processes relategbtome loss in separate tunnels, sequentially.
A total of eighteen tests were performed. Thestuded two single tunnel tests in order to
validate the apparatus before the main seriessté teegan. During the twin-tunnel tests the
main variables were the spacing between the tunhetizontally and vertically, in addition to
the magnitude of volume loss (3% and 5%). Thestestre conducted at 100g where the
cavities represented two 4m diameter tunnels usaal depth of 10m at prototype scale. The

vertical settlement results were obtained by LVDiEsthe surface and using a close range
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photogrammetry system at sub-surface levels. Tivese shown to give reasonably consistent
results which have been presented in order to geogreater insight during twin-tunnel

construction.

10.2 Conclusions

The main findings from the physical model tests lsarsummarised in the following points: -

1. Replacing air support with a water support withiro tcavities in an overconsolidated clay
model still resulted in single tunnel surface anB-surface settlement troughs that were
well represented by Gaussian distributions.

2. The twin-tunnelling settlement predictions can fmprioved by modifying the settlements
solely due to the second tunnel construction. $heond tunnel settlements can be
predicted using equations by Peck (1969), O'RdlllNew (1982) and Maiet al. (1993)
but with modifications. These modifications, ifjtéred, involve increasing the magnitude
of the superimposed greenfield settlement and @&sing the trough width towards the
existing tunnel.

3. The relative increase in settlements due to thergktunnel compared with the first tunnel
was best described by an increase in the volunge(lfigen as a percentage). This effect
was lessened by larger spacings between the tunnels

4. The increase in volume loss could be observed atsthface and at depths within the
models.

5. At the surface the trough width parameter towahasfirst tunnel was observed to be wider
than a single tunnel (K increased from 0.5 to aewi@l 70).

6. The case studies Cooperal, (2002) and Cording & Hansmire (1975) also describa
increase in volume loss and were found to fit withthe findings. The numerical
investigation by Addenbrooke & Potts (2001) wasnfbto fit the findings but only below a
spacing of 3D.

7. Linear-elastic perfectly plastic solutions usingelar and non-linear stiffnesses by Mair &
Taylor (1993) are unable to predict the displacamen distribution of pore pressures as a

result of the second tunnel construction.
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10.3 Limitations of the results

The results are limited by the capabilities of dipparatus. The obvious flaw in the apparatus is
the loss of shear strength due to replacing thaieawith water. In the single tunnel tests the
‘lost soil’ is below the area of interest and tlod smovements being investigated are minimally
effected. The soil directly at either side of artel greatly affects the stability of tunnel and th
subsequent movements as a result of a simulatestraotion. This was shown by Xat al.
(2013) in the case where the resin tubes either agidhe cavity improved the tunnel stability.
Moreover, in the case of the side-by-side twin-glrtasts the soil missing from one side of the

cavity will cause the settlement to shift towarlas obther tunnel.

This effect can be measured by the change in tk#igo of the maximum surface settlement
(Snay away from the tunnel centre-line. Tunnel A ssttents were well matched with
greenfield published values in magnitude and dhgtion, however, the position of,g was not
over the centre-line of the tunnel in the closgsiced tests. In the tests with a spacing of 1.5D
(or £30mm from the model centre-line) the positainS,,x was 10.77mm from the centre-line
of the model. This effect was not evident in tled@ 4.5D tests. However, the position gf,S

in the Tunnel B settlement data shows a patternl.BD the eccentricity of 3, was 22.6mm
from the centre-line of Tunnel B, at 3D the ecdeityr was 7.8mm and at 4.5D the eccentricity

was 4.05mm. Essentially, the effect reduced thihén away the cavities were.

10.4 Recommendations for further research

The results presented within this thesis were &nhiby the relatively few number of
tunnel arrangements tested. The arrangements caeeéully chosen to maximise the
significant amount of data from the tests. Howewvercreasing the number of
arrangements tested would add significantly mor®rimation about the relative

increases in settlement due to spacing betweetutirels. The cover, to at least one
tunnel, was kept equal to twice the diameter. Hasrinvestigations which also varied
the depths would add significant information to thehaviour during twin-tunnel

construction. The time between the tunnel conSboms was fixed in all the tests.
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Further work should therefore be undertaken tordete the influence of varying the
time between the tunnel constructions. Once aifgignt range of geometries and
arrangements have been investigated a series tf $bould be conducted using
different stress histories of soils and soil typd$e centrifuge tests carried out in this
research only used kaolin clay and had an overdidiation ratio equal to 2 with an
average measured undrained shear strength of 42kPa.

The amount of pore-water pressure data arounduveets was minimal and it was
shown that the dissipation of pore pressure rempltirom the second tunnel
construction was not typical. Therefore, any farthwork should utilise more
instrumentation around the second tunnel to charigetthe differences in excess pore
pressures compared with the greenfield scenaribe d@mount of surface data was
restricted to the number of LVDTs and assumptioesewmade about the topography.
The use of laser displacement transducers for memiis readings or surface
photogrammetry techniques would lead to a betteterstanding of the shape and
volume of the settlement troughs.

In addition to a continued physical model testimgies there should be a series of
numerical analysis conducted which also model twimel construction in
overconsolidated clay. A numerical model of theygatal model investigating the
effective stress paths around the second tunnélpnavide additional data on any

increase in stiffness and therefore an understgrafithe displacements.
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TABLES

Category of damage Normal degree of severity Lirmgtiensile strain &im) (%)
0 Negligible 0-0.05
1 Very Slight 0.05-0.075
2 Slight 0.075-0.15
3 Moderate* 0.15-0.3
4t05 Severe to Very Severe >0.3

* Note: Borscardin & Cording (1989) describes ttaamaige corresponding tg, in the range
0.15 — 0.3% as “Moderate to Severe”. However, nohthe cases quoted by them exhibit
severe damage for this range of strains. Thetieeiefore no evidence to suggest that tensile

strains up to 0.3% will result in severe damagen(fiMairet al., 1996).

Table 2.1: Relationship between category of damage andifighiensile straing;.,, (after

Boscardin & Cording, 1989)
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Reference

Range of Values for V

Type of Tunnelling

111

O'Reilly & New (1982) 10-14% Open Face

New & Bowers (1994) 10-1.3% Heathrow Trail Teln

Barakat (1996) 0.7-16% Open Face

Broms & Shirlaw (1989) <1.0% Closed Face (EPBM)

Mair & Taylor (1997) 1.0-2.0% Open Face

Mair & Taylor (1997) 05-15% NATM

Mair & Taylor (1997) 1.0-2.0% EPBM or slurry shis
Table 3.1: Typical Values for Volume Losses (Hunt, 2005)




Reference

Expression

Comments

Clough and Schmidt

(1981)

V, = meN=1 (for N>1)

V, = mN (for N<1)

Equations calculated assuming/$

= 500-1500, with m = 0.002-0.006

An E/S, ratio of between 200-700 |s

generally used for “poor
Mitchell (1983) V, = (Sy/E)e®/?

workmanship” \{  should  be

increased be factor of 3

Applicable for 1.5<N<4. An

alternative plot after Leach (198b)
Attewell. Yeates and

V,=133N—-14 gives a design range of Werses N

Selby (1986)

within which 75% of cases may be

expected to lie.
Table 4.1: Volume loss prediction formulae (Macklin, 1999)
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Parameter Metric Unit| Scaling Law (model/prototype

Gravity m/s2 N

1

Length m —

N

Area m2 i

NZ

1

Volume ms3 —

N3

. 1
Weight, Force N = kg m/sj Nz
Density kg/m3 1

Unit weight N/m3 N

Stress and Pressurg Pa = N/mz 1

Strain - 1

. . 1
Bending stiffness, E Nmz2 —
N4

. . 1
Axial stiffness, EA N —
NZ

Table 5.1: Centrifuge Scaling Laws (Marshall, 2009)
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Referenceg  Method Advantages and applications Disadvantages
Used to evaluate surface settlement
and pressure on the trap dgdboes not simulate the actual
simulating tunnelling inducedtunnelling process
Ladanyi &
movement and lining stresses
Hoyaux | Trap Door
Both 2D and 3D ground movement
(1969) Only appropriate estimate of
resulting from tunnel excavation can
the surface settlement and
be evaluated under 1g and centrifuge
lining stresses can be obtained
conditions
Does not provide information
Used to study failure mechanisms,
Chambon | Rigid  tube on the surface settlements
face stability of shallow tunnels
etal. with flexible behind the tunnel face
(1991) | face Tests can be conducted under 1g and
centrifuge conditions
2D and 3D tests that can be
Used mostly for unlined
conducted under 1g and centrifuge
Atkinson tunnels
Pressurised | conditions
etal.
Air Bag Used to study tunnel stability and
(1975) Does not simulate the tunngel
induced ground movements around
face advance
tunnels
Polystyrene Results were less satisfactary
Sharmeet | foam and| Can be conducted in a centrifuge | when excavation wals
al. (2001) | organic simulated underwater
solvent Simulates the tunnel advance process
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ty

Referenceg  Method Advantages and applications Disadvantages
Simulates the tunnel advance procgss Used mostbofeesive soils
Insertion of a shield usuall
Love Sall Easy to operate
required
(1984) | Auguring
1g only, not easily
mechanised for a centrifuge
Conducted in a centrifuge Expensive
Nomotoet | Miniature Limited gravitational
Simulates the complete tunnelling
al. (1999) | TBM acceleration (up to 25g) mg
process
be applied in centrifuge
Mechanically| Simulates the 2D tunnel excavatipn
Manually controlled
Lee & Yoo | adjustable process
(2006) | tunnel Limited to 2D models undeg
Simple to operate
diameter 1g conditions
Table 6.1: Summary of Tunnel Experimentation, (Megeial., 2008)
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Symbol Parameter Value
A coefficient in relationship for Gixne 1964

N exponent in relationship for Gane) 0.65

M exponent in relationship for ko) 0.2

K average gradient of swelling linenrinp' space 0.035

A gradient of compression linetinp' space 0.18

M stress ratio at critical state (q":p’) 0.89

r specific volume at critical state when p'=1kPa 92.9

N specific volume on INCL when p'=1kPa 3.05

Q' critical state angle of shearing resistance 23°

Y unit weight of soil (saturated for clay) 17.5 (k)
Yw unit weight of water 9.81 (kN/H

Table 6.2: Speswhite kaolin clay properties (Grant, 1998)
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Volume Consolidation stress
Date TestID | Fluid C/ID | Spacing (D) First tunnel ? Notes
extracted (%) (kPa)
31/03/2010 SD1 Air to collapse 3 / 500 / ok
05/05/2010| SD2 Air to collapse 2 / 500 / ok
02/09/2010 Water 3 2 / 500 / LVDTs not responding - TEST HAD
05/10/2010| SD3 Water 3 2 / 500 / ok
18/03/2011 SD4 Watef / 3 / 500 / TEST FAILED
05/04/2011 Water / 2 15 500 / Centrifuge vibrating - TESAIEED
10/05/2011 SD5 Watey 3 2 15 500 LHT Tunnels dl@dipre-spin up - TEST FAILED
24/05/2011 SD6 Watey 3 2 15 500 RHT RHT transduaogplugged in
31/05/2011 SD7 Watef 3 2 15 350 LHT Solenoid 3warkking correctly - TEST FAILED
Solenoid 3 not working correctly, extracted wate
07/06/2011 SD8 Water 3 2 15 350 RHT
from both tunnels first - TEST FAILED

ok - slightly weaker soil measured after testingnth

12/07/2011 SD9 Water 3 2 15 500 LHT

expected
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Volume Consolidation stress
Date TestID | Fluid C/ID | Spacing (D) First tunnel ? Notes
extracted (%) (kPa)
28/07/2011| SD10 | Water 3 2 15 500 RHT ok
16/08/2011| SD11 | Water 3 2 3 500 LHT ok - poor quality of Image Analysis data
31/08/2011| SD12 | Water 3 2 4.5 500 RHT ok
20/09/2011| SD13 | Water 5 2 15 500 LHT ok
04/10/2011| SD14 | Water 5 2 3 500 RHT ok
09/10/2011| SD15 | Water 5 2 4.5 500 RHT LHT transducer not working
30/11/2011 Water / 2/3.5 1.5 OFFSET 500 / Data logger stopped working - TEBILED
Solenoid stopped working at 100g - TEST
17/07/2012 SD16 | Water 3 2/3\51.5 OFFSET 500 UPPER
PERFORMED AT 50g
31/07/2012| SD17 | Water 3 2/3.5| 3D OFFSET 500 LOWER Ok but data logger fan malfunctioned
17/08/2012| SD18 | Water 3 2/3.5| 1.5 OFFSET 500 LOWER Solenoid stopped working at 100g
Table 7.1: Summary of Tests undertaken
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Table 8.1:

Table 8.2:

TestID | Z (mm) | i(mm) K Sax (M) | VL (%)
SD2 100.00 62.95 0.50 -370.73 2.96
SD3 100.00 67.81 0.54 -354.05 3.04
Summary of parameters from single tunnel tests

Correlation Factors
Test ID
First Tunnel | Second Tunnel| Twin Tunnel
SD2 0.055 NA NA
SD3 0.041 NA NA
SD10 0.025 0.080 0.070
SD11 0.030 0.082 0.082
SD12 0.048 0.065 0.087
SD13 0.060 0.112 0.208
SD14 0.079 0.086 0.126
SD15 0.084 0.085 0.144
SD17 0.031 0.090 0.100
SD18 0.030 0.069 0.074

Summary of correlation factors
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1.5D
3% (TestlOWt) RHT 1st 5% (Test13Wt) LHT 1st
Tunnel B Tunnel B
Tunnel A Tunnel A
Towards* | Away** Towards* | Away**
Snax (um) = | -259.625| -263.029 -271.953 -274.984 -386.025 -3IB.0 -429.947| -440.994
K= 0.55 0.54 0.70 0.54 0.56 0.55 0.71 0.57
V(%) = 2.80 2.80 3.80 3.00 4.31 4.31 6.10 5.00
2.80 3.40 4.31 5.56
3D
3% (Testl1Wt) RHT 1st 5% (Testl4Wt) LHT 1st
Tunnel B Tunnel B
Tunnel A Tunnel A
Towards* | Away** Towards* | Away**
Shax (um) = -217.415| -219.722] -282.178 -272.374 -408.029 -4A.6 -426.595| -479.894
K= 0.59 0.60 0.58 0.60 0.60 0.60 0.59 0.66
Vi (%) = 2.60 2.61 3.30 3.30 4.90 4.90 51 6.3
2.61 2.86 4.86 5.62
4.5D
3% (Test12Wt) RHT 1st 5% (Test15Wt) RHT 1st
Tunnel B Tunnel B
Tunnel A Tunnel A
Towards* | Away** Towards* | Away**
Shax (um) = | -244.531| -239.660  -245.57¢ -251.899 -455.002 -43.7 -497.961 -489.804
K= 0.55 0.51 0.55 0.56 0.57 0.55 0.55 0.59
V(%) = 2.70 2.40 2.70 2.80 5.10 5.20 5.70 5.50
2.55 2.75 5.15 5.70
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OFFSET

2.12D (Test18Wt) LOWER 1st

2.7D (Test17Wt) LOWER 1s

Tunnel B Tunnel B
Tunnel A Tunnel A
Towards* | Away** Towards* | Away**
Smax (um) = | -188.193| -188.193 -303.96% -261.663 -203.229 -2B.3 -316.028 | -297.286
K= 0.46 0.46 1.09 0.54 0.47 0.47 0.85 0.55
Vi (%) = 2.74 2.74 6.60 2.80 3.07 3.07 5.40 3.3C
2.74 3.21 3.07 3.51
Table 9.1: Summary of surface parameters from twin-tunrebte

*parameters from fitting curves to the settlemeatgards the existing tunnel (Tunnel A)

**parameters from fitting curves to the settlemesmigmy from the existing tunnel (Tunnel A)
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Test13Wt - 1.5D (5%)

Tunnel A Tunnel B
Shax Koy | Kaw) | Vi (%) Shax Koy | Kawy | Vi (%)
Near-surface -370.290 | 0.50, 0.5Q0 3.44 -485.615 | 0.50, 0.5Q 4.58
1D Surface -392.206 0.58/ 058 2.73 -485.483 0.67, 0.6 3.91
1.5D Surface -435.904 | 0.88 0.8§ 3.04 -542.803 | 0.90, 0.9 3.86
Test11Wt - 3D (3%)
Tunnel A Tunnel B
Shax Koy | Kawy | Vi (%) Shax Koy | Kawy | Vi (%)
Near-surface -230.355 | 0.58 0.58 2.42 -289.851 | 0.51] 0.51] 271
1D Surface -262.629 | 054 054 1.70 -328.702 | 0.48 0.48 1.90
1.5D Surface -424.665 0.59] 059 2.03 -426.601 0.68 0.68 2.34
Test15Wt - 4.5D (5%)
Tunnel A Tunnel B
Shax Koy | Kaw | Vi (%) Shax Koy | Kaw) | Vi (%)
Near-surface -477.064 0.50f 0.5Q 4.39 -515.823 0.51] 0.51 4.80
1D Surface -541.084 | 0.58 0.58 3.79 -604.285 | 0.59 0.59 4.35
1.5D Surface -625.891 0.72 0.72 3.64 -636.958 0.74) 0.74 3.80
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Test18Wt - 2.12D (3%)

Tunnel A Tunnel B

Shax Koy | Kaw) | Vi (%) Shax Koy | Kawy | Vi (%)

Near-surface -237.360 0.42] 0.42 3.01 -313.937 0.79] 0.62 3.70

1D Surface -231.713 | 0.50, 0.50 2.80 -337.080 | 0.86] 0.7Q 2.76

1.5D Surface -291.151 | 0.47 047 2.74 -416.213 1.24) 0.8 3.01

Test17Wt - 2.7D (3%)

Tunnel A Tunnel B

Shax Koy | Kaw) | Vi (%) Shax Koy | Kawy | Vi (%)

Near-surface -198.408 0.48 0.48 29 -313.455 0.74) 0.54 3.47

1D Surface -215.206 | 0.55 0.5 2091 -352.881 0.94/ 0.67 3.55

1.5D Surface -228.610 0.63] 0.63 2.92 -416.687 1.28 081 321

Table 9.2 Summary of sub-surface parameters from twin-¢litests
ro) - parameters from fitting curves to the settleragatvards the existing tunnel (Tunnel A)

aw) - parameters from fitting curves to the settlers@ntay from the existing tunnel (Tunnel A)
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Figure 1.1: Geéotechnique artist impression of sub-surfacgestion

http://www.eng.cam.ac.uk/news/stories/2009/Rovati&p Lecture)
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Figure 1.2: Idealisations of the three twin-tunnelling scémsin the y-z plane

a) Side-by-side
b) Stacked or piggy back

c) Offset
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Sprayed concrete lining
system (previously NATM)

Sprayed concrete lining
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1 o
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removal and Slurry of bentonite
recycling and soil cuttings

Figure 2.1: Schematic diagrams of sprayed concrete liningeliimg system, conventional

shield and tunnel boring machines (Nyren, 1998).
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Figure 2.2: Hogging or sagging zone and limited by a pointirdfexion or extent of

settlement trough (Mait al., 1996)
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Figure 2.3:
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Damage category chart for L/H = 1, hogging mddaic et al., 1996)
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Figure 3.1: Settlement above an advancing tunnel heading\itt & Yeates, 1984)

. Face loss

. Passage of the shield
. Closure of the tail void
. Lining deflection

. Consolidation

OO =

5.

vy
==

1. Short term g S Long term

! 1 L 1 RS |

Figure 3.2: Sources of tunnelling deformation for a shielavein tunnel (Cording, 1991)
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Volume loss at tunnel boundary, V;
Vr=Vs
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Figure 3.3: Volume loss around a circular cavity (after P&369)

130



Surface level
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Figure 3.4 a) settlement trough (after Peck, 1969) and

b) Gaussian fit to trough (after O'Reilly & New, 88)
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Figure 3.5: Variation in surface settlement trough width paeger with tunnels in clay

(Mair & Taylor, 1997)
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Figure 3.6: Settlement troughs with depth (Hunt, 2005 afteiirdt al., 1993)
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Figure 3.7:  Vector focus (Grant, 1998)
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Figure 3.8: Observed failure mechanisms based on centrifuggehtests (Mair & Taylor,

1997)
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P/D=0

10 =

C/D

Figure 3.9: Dependence of critical stability ratio on tunhebding geometry (after Mair &

Taylor, 1997; Mair, 1979 and Kimura & Mair, 1981)
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Figure 3.10: Upper and lower bound stability ratios for plesteain circular tunnels (after

Daviset al., 1980)
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B Seneviranine (1979) C/D =1.5, P/D=« =
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Figure 4.1 a) Relationship between volume loss, tunnel imgadeometry and stability

number within C/D between 0.77 and 3.11 (after Niack999)
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Figure 4.1 b) Upper and lower bound design lines for ati@hship between volume loss
and load factor for field monitoring data from osensolidated clay sites (after

Macklin, 1999)
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Figure 4.2: Deformed tunnel shape given by (a) ground los$ @) ovalisation (after

Verruijt & Booker, 1996)

gap =G, + Upp + W

Figure 4.3: Definition of Gap parameter (after Rowateal., 1983)
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Figure 4.4:

Horizontal distance from the centre -line of the tunnel/Tunnel diameter (x/D)
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Comparison of different methods for estimatingate settlement above an unlined shallow tunneloderately stiff clay
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Figure 4.5: Variation of K with depth for sub-surface settlm profiles above tunnels in

clay (after Mairet al., 1993)
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Figure 4.6: Comparison of different methods for estimating-surface settlement above an unlined shallow funrmaoderately stiff clay
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Lateral distance from the mid-point between two tunnels (m)
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Figure 4.7: Example of Superposition method used to pretietsurface settlement of two, 4m diameter, turwéls a cover of 8m

144

40



Figure 4.8:
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Plastic zones induced by shield tunnelling int gpbund (after Fangt al.,

1994)
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Figure 4.9: Design charts to find the increase in volume lo$sthe second tunnel's
settlement profile (left) and an eccentricity oé tmaximum settlement (right).

(Divall et al., 2012 after Addenbrooke & Potts, 2001)
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Figure 4.10: The modification factor for the settlement abtive second tunnel (Hunt, 2005)

147



\ 4

. .‘. 4 %
..‘ - \\ ‘.-%\_ /
% [ D 9‘ 3
W& .'t_ A\\.

\S' 5\
2% \ PICCADILLY LINE
S \ RUNNING TUNNELS

Edge of multistory car park
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Heathrow Express tunnels U.K. (Hunt, 2005)
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Figure 5.1: Principles of centrifuge modelling (after Tayl@895)
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Figure 5.2: Stress distribution in a centrifuge sample (a8einofield, 1980)
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Figure 5.4:
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Figure 6.1: Schematic diagram of the centrifuge model layouts
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Support fluid inlet
Backwall

Figure 6.2:  Photograph and schematic of strong box containesifigle tunnel experiments
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Figure 6.3: Photograph of consolidometer used for consolidatioslurry
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Figure 6.4: Photograph of the ground water reservoir staredpgmd tunnel pressure

standpipe on the centrifuge swing bed
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Figure 6.6:
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Figure 6.7:

Cross-section through tunnel support apparatus
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Figure 6.8:
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Figure 6.9: Details of the standpipe used to control thequmessin the tunnels
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Figure 6.10: Photograph and schematic of fluid control apperat
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Figure 6.11: Photograph of solenoid and plug valve systemsahématic (after McNamara, 2001)
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Figure 6.12:
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Figure 6.13: Schematic of supporting window system (3D twinrteifing case)
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Figure 6.14:
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Figure 6.15: Alterations to strong-box back wall to accommedaifset arrangements
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Figure 7.2: Jig for the creation of the twin-tunnel caviti@s the bench during the model

making stages of centrifuge modelling

Figure 7.3: Shelf for trimming the model to the correct heigim the bench during the

model making stages of centrifuge modelling
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Figure 7.4: Holding nut for securing the tunnelling suppagtinystem in place and the

manifold for the tunnel pressure transducer

LVDT rod 2
Circular footing

Rectangular footing

Figure 7.5: Comparison between circular footing and squaogirig on LVDTs with insert

of clay surface slope
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Figure 8.1:
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Horizontal distance from the tunnel centre-line, x (mm)
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Figure 8.2: Raw settlement data from LVDTs (centre-line a2ld Check’) after 3% volume loss in single tunnstseof different support fluids
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Figure 8.3:

Horizontal distance from the centre of strong box/Tunnel diameter (x/D)
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Figure 8.4:

Horizontal distance from the centre of strong box/Tunnel diameter (x/D)
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Figure 8.8: Sub-surface contours of SD3
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Horizontal distance from the centre of strong box/Tunnel diameter (x/D)
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Figure 8.13: a) Vertical Settlement at a depth of 2mm in autated single tunnel construction with water sup@®bD3
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Horizontal distance from the centre of strong box/Tunnel diameter (x/D)
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Figure 8.13: b) Vertical Settlement at a depth of 54mm inmadated single tunnel construction with water supD3
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Horizontal distance from the centre of strong box/Tunnel diameter (x/D)
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Figure 8.13: c) Vertical Settlement at a depth of 75mm in giraulated single tunnel construction with watqusurt, SD3
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Horizontal distance from centre-line of the model/Tunnel Diameter (x/D)
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Figure 8.15: Twin-Tunnel vertical surface settlement from 1.§acing tests
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Figure 8.16: Twin-Tunnel vertical surface settlement from 3iasing tests
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Figure 8.17: Twin-Tunnel vertical surface settlement from 4 §acing tests
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Figure 8.18: Twin-Tunnel vertical surface settlement from Dlsbacing test
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Figure 8.19: Twin-Tunnel vertical surface settlement from 2 Sjiacing test
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Figure 8.20: Tunnel A and Tunnel B vertical surface settlenferrh 1.5D spacing tests
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Figure 8.21: Tunnel A and Tunnel B vertical surface settlenfesh 3D spacing tests
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Figure 8.22:
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Figure 8.23:

Horizontal distance from centre-line of the model/Tunnel Diameter (x/D)

® SD18- 3% VL and 2.12D spacing lower tunnel
surface vertical settlement data

Ave. Tunnel A Gaussian Fitted Curve

O SD18- 3% VL and 2.12D spacing upper tunnel
surface vertical setttement data

Ave. Superposition
- = Ave. Addenbrooke & Potts (2001)

- + Ave. Hunt (2005)

0

Q‘TL ¢‘TU

Vertical Settlement/Maximum
vertical settlement of the first
Tunnel (-S,/Snax)

Tunnel A and Tunnel B vertical surface settlenfesrn 2.12D spacing tests

195

7.0



Figure 8.24:
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SD13 - 5% volume loss test at 1.5D spacing
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Figure 8.25: Sub-surface vertical displacement vectors presem@s contours from tests

SD13
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SD14 - 5% volume loss test at 3D spacing
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Figure 8.26: Sub-surface vertical displacement vectors presem@s contours from tests
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SD15 - 5% volume loss test at 4.5D spacing
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Figure 8.27: Sub-surface vertical displacement vectors presem@s contours from tests

SD15
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Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Figure 8.29: b) Vertical Settlement at a depth of 40mm in SD11

204



Horizontal distance from the centre of the strong box/Tunnel diamter (/D)

" . B & r e 8] - — .
5 4 33‘\‘ 2 -1 . AT 1 gam™
\ A 7
\ g " 2y
\ J'. LN /
\® ¥ 04 - A :
., ‘ /
8 L s ;
\ ® ./ R ‘
\ . F l.:
e L
\ ./ -08 - ) :
\ / \ 2 /
\ .,/ \ /.'i
Vertical Seftlement Data for 3% V, and 3D [ A = = R,
spacing test at a depth of 60mm :
B SD11-Tunnel Almage Analysis Data 49 -
= = Gaussian fit io Tunnel A Data
A SD11-Tunnel B Image Analysis Data 2l 2t
------- Gaussian fit to Tunnel B Data
G2
® S5SD11-Twin-Tunnel Image Analysis Data
Vertical Setflement/Max imum
& i o Vertical Settlement of Tunnel A
— -« Supemosition o curves 18 - (-5./S maen)

Figure 8.29: c) Vertical Settlement at a depth of 60mm in SD11

205



Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Figure 8.30: a) Vertical Settlement at a depth of 8mm in SD15
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Horizontal distance from the centre of the strong box/Tunnel diamter (x/D)
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Figure 8.31: a) Vertical Settlement at a depth of 7mm in SD18
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Figure 8.31: b) Vertical Settlement at a depth of 38mm in SD18
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Figure 8.32: b) Vertical Settlement at a depth of 37mm in SD17
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Figure 8.33:
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Figure 8.37:
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Trough with parameter, K = i/(z5-2)
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Figure 9.6:
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APPENDIX A

The volume controlling apparatus was calibratedri®asuring the change in water within a

Burette per revolution.

revolutions| Aml
1 11
2 2.2
3 3.2
4 4.3
5 54
6 6.5
7 7.6

y=1.0826x-0.0024
R*=0.9998

changein millilitres
=

0 1 2 3 4

revolutions

)
(=)}

1
[~<]

Therefore, 1.0826ml is moved per revolution.
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APPENDIX B

Calibration Equations

~

~

TestID

Single Tunnel | Twin-Tunnel
SD13 | y=(1/0.7051)x| y = (1/0.7052)
SD11 y = (1/0.3573)x| y =(1/0.425)x
SD15 | y=(1/0.5579)x| y = (1/0.5591)
SD18 y = (1/0.4903)x| y = (1/0.462)x
SD17 | y=(1/0.8265)x| y = (1/0.9459)

~

Where, in the y=mx+c form, x is the vertical disggenent from the Image Analysis and y is

vertical displacement taking into account the wimeday surface/marker bead interface.
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APPENDIX C

Thick cylinder analysis of twin tunnels (Tunnel A)

The calculations below are conducted using Su 8k#, E = 17500kN/fmy = 17.44kN/m,

or = 73.3kPa, a =2 and N = 2.030 (taken from test1§D

Linear-elastic perfectly plastic (E - constant)

Displacements

Using the stability equation from Mair & Taylor (23);
2
N =2log. (/) +1-(/,2)

2 .
If b>>c the(c /bz) tends to zero the above equation becomes;

R, (N—l)
p = exp 2

And if R, = ¢, then; R=3.347m.
Using the equation for displacement from Mair & Tomy(1993);

U, 35,c?

r  2Er?
If r = a in the above equation the result becomes;

Uy, 35,c?

a 2E a?

Therefore, Lk = 0.02391m. If this displacement is assumed todrestant around the annulus
of the cavity the subsequent volume loss is equ&l4%. The measured volume loss via the

Gaussian curve fitting exercise was equal to 2.5%.

Pore-water pressures

Using the equation for pore pressure change fromn &&aylor (1993) below;
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bu= 5,5/,

If b was the edge of the box and equal to 27.5npi@totype scale) and ¢ the same value as
above theriu = 0.738kPa. The pore-water pressure data frentetsts show an overall change

in pore pressure (measured by the PPTs) of zero.
Non-linear-elastic (E = Eo(r/x)

Displacements

Using the stability equation from Mair & Taylor (@3);
N = 210ge(%/a) +2 - 2(¢/,)
If b>>c then(c/b) tends to zero the above equation becomes;
N/2 =log.(“/a) +1
exp(N/, —1) = (/o)

And if Ry, = ¢, then; R=2.030m.

Using the equation for displacement from Mair & Tomy(1993);

Therefore, L, = 0.0086616m. If this displacement is assumedbdoconstant around the
annulus of the cavity the subsequent volume losgjigl to 0.9%. The measured volume loss

via the Gaussian curve fitting exercise was equal$%.
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Pore-water pressures

Using the equation for pore pressure change fronn &adaylor (1993) below;

b= S,(%¢/, = /r)
If b>>c the above equation becomes,

Au= S,(— C/T)

If r is the distance to the PPT between the tunaetsequal to 6m (at prototype scale) and ¢ =

Roni thenAu = -16.8kPa.
Thick cylinder analysis of twin tunnels (Tunnel B)

The calculations below are conducted using Su 8k#, E = 17500kN/fmy = 17.44kN/mj,

or = 69.3kPa, a=2and N = 2.111 (taken from test19D
Linear-elastic perfectly plastic (E - constant)

Displacements

Using the stability equation from Mair & Taylor (@3);
2
N =2l0g.(¢/q) +1—(*/,2)

2 .
If b>>c the(c /bz) tends to zero the above equation becomes;

R, (N—l)
a P2

And if R, = ¢, then; R= 3.485m.
Using the equation for displacement from Mair & Tomy(1993);

Ur 38,c?

r 2E7r?
If r = a in the above equation the result becomes;
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Uy, 35,c?

a 2E a?

Therefore, L = 0.0259m. If this displacement is assumed todrestant around the annulus of
the cavity the subsequent volume loss is equal.6&2 This value is higher than the value

calculated for Tunnel A.

Pore-water pressures

Using the equation for pore pressure change fromn &&aylor (1993) below;
_ ¢ c?
Mu= S,/p2

If b was the edge of the box and equal to 27.5npietotype scale) and c the same value as
above theru = 0.799kPa. The pore-water pressure data frentetsts show an overall change

in pore pressure (measured by the PPTs) of zero.
Non-linear-elastic (E = Eo(r/x)

Displacements

Using the stability equation from Mair & Taylor (23);
N = 210g.(¢/q) +2—2(/,)
If b>>c then(c/b) tends to zero the above equation becomes;
Ny =loge(“/a) +1

exp(N/y —1) = /)
And if Ry, = ¢, then; R=2.114m.

Using the equation for displacement from Mair & Tomy(1993);
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If r = a and b>>c in the above equation the rdseitiomes;

Therefore, L, = 0.004512m. If this displacement is assumecdetodnstant around the annulus

of the cavity the subsequent volume loss is equ@l45%.

Pore-water pressures

Using the equation for pore pressure change fronn &adaylor (1993) below;

mu= S,(%¢/, - /r)
If b>>c the above equation becomes,

Mu = Sy(=/r)

If r is the distance to the PPT between the tunaetsequal to 6m (at prototype scale) and ¢ =

Roni thenAu = -17.5kPa.
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APPENDIX D

Publications

Divall, S., Goodey, R.J., and Taylor, R.N. (201Gyound movements generated by sequential
Twin-tunnelling in over-consolidated clay. Proceegi of the ¥ European Conference on

Physical Modelling in Geotechnics, Delft — onlingbfication by TU Delft Library .

Divall, S. and Goodey, R.J. (2012). Apparatus fentafuge modelling of sequential twin-
tunnel construction. International Journal of PbgsModelling in Geotechnics, Vol. 12, No. 3,

pp. 102-111.

Divall, S. & Goodey, R.J. (2012). Novel apparatas denerating ground movements around
sequential twin tunnels in over-consolidated cl&oceedings of the T2BGA Young
Geotechnical Engineers Symposium, Leeds, pp. 18-Ohline publication by Proceedings of

the ICE — Geotechnical Engineering.
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