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Structural behaviour of concrete segmental linings: towards design optimisation

The deployment of engineering models and design methods divorced from the effect that mechanised
shield tunnelling with tunnel boring machines (TBMs) has on concrete segmental linings (CSLs) can
lead to either material waste or structural damage within the tunnel design life. Most research to date
on CSL behaviour during construction neglects the sequential ring loading and TBM-lining transverse
interactions, which this thesis proved to be key in the short and long term behaviour of CSLs and

whose study is essential if the design and maintenance of CSL structures is ever to be optimised.

This thesis investigates the longitudinal and transverse behaviour of CSL structures simultaneously
backfilled with bicomponent grouts (BGs) during tunnelling, and how this early response influences
long term behaviour. The research work is drawn on three pillars that enable cross-validation of
conclusions: analytical models, three-dimensional numerical simulations and the interpretation of the
Crossrail’s Thames tunnel (CTT) field data, which included distributed fibre optic strain (DFOS) data.
A theoretical framework ranging from construction loading scenarios to the mechanisms underlying
structural damage is described for the future development of limit state design methods. Analytical
models of longitudinal behaviour are also proposed. The study of joint geometries, temporary spear

bolts and DFOS sensing in CSL construction monitoring is included as ancillary research.

The solution developed for a sequential elastic rod subjected to a trilinear temperature profile and in
shear interaction with the elastic ground predicts accurately the early tunnel pre-stressing relaxation
caused by grout hardening, e.g. =50% in the CTT. The proposed sequential elastic beam model, which
incorporates the effects of stage-varying net TBM moments, transverse loads and lining pressure
gradients within the tunnel unsupported length, estimates satisfactorily the history of tunnel beam
response during construction for a realistic expression of the lining stiffness. A potential damage

assessment method for the early detection of tunnel sections prone to ring joint damage was proposed.

The TBM-lining transverse interaction determines the CSL ring behaviour at the early stages of
tunnelling. The ring response resultant from this interaction is irrecoverable and contributes to the long
term total deformations and internal forces; in tunnels excavated in grounds with K¢=1, it becomes the
major source of ring distortion. The main transverse actions are the sealing pressures, which are
inversely related to the tail clearance, and the transverse load of oblique hydraulic jacks. When the
non-bedded rings are eccentric with respect to the shield tail, the ring distortion increases the risk of
cracking near the rear corners and spalling at the ram pad interspaces of constrained segments. The
ring distortion is directly related to the pressure gradients, the unsupported length and the ring
flexibility. When individual segments rotate outwards under the action of transverse ram loads, e.g. the
outer springline segment during pronounced TBM steering around a horizontal curve, the localised

action of the sealing pressures can result in longitudinal cracking at the intrados of the segment front.

This study represents a qualitative leap towards the optimisation of CSL design, shifting the attention
of researchers and designers to TBM-lining transverse interactions as the most determinant factor of

structural response during construction in CSLs simultaneously backfilled with BGs.

Abstract Saleta Gil Lorenzo
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1.1. Simultaneously backfilled concrete segmental linings

Chapter 1
Introduction

Single-shell concrete segmental linings (CSLs) are the most popular tunnel structures in modern shield
tunnelling with tunnel boring machines (TBMs) (Koyama, 2003). Recent technological advances in
TBMs enabled the safe, versatile and efficient construction of tunnels with ever larger diameters and in
adverse ground conditions that were impossible before (Koyama, 2003; Cavalaro, 2009). Despite the
progress in TBM technologies, conventional lining design methods still rely on one-ring structural
models subjected to load combinations representative of in situ ground conditions, without giving due
consideration to the effects of shield tunnelling on the short and long term response of CSLs (Koyama,
2003). Indeed, field records have confirmed a general increase in lining damage events during

construction that required repair (Sugimoto, 2006).

This thesis focuses on the influence that sequential ring loading and TBM-lining transverse interactions
have on the short and long term response of CSLs simultaneously backfilled with bicomponent grouts
(BGs), which has been widely neglected by designers and researchers to date. A theoretical framework
ranging from construction loading scenarios (CSs) to the mechanisms underlying structural damage is
described for the future development of limit state design methods; analytical models of longitudinal
behaviour are also proposed. The study of joint geometries and temporary spear bolts is included as

ancillary research.

1.1. Simultaneously backfilled concrete segmental linings

In the construction of grouted smooth bored tunnels, the thrust forces required to support the tunnel face
and steer the TBM are provided by hydraulic jacks that push against the last assembled concrete
segmental ring (see Figure 1.1.a). New rings are sequentially erected at the back of the shield tail
between consecutive advances. The typical CSL configuration based on universal rings is shown in
Figure 1.1.b.

The tail void between excavation line and lining extrados is backfilled to minimise ground settlement
and provide early support to the flexible lining. Backfill grouting simultaneous with advance is common
practice in full face shield machines (Maidl et al., 2012). The use of BGs in simultaneous backfilling
has grown steadily in the last few decades given their advantageous properties of quick grout setting and

early high strengths when compared to traditional mortars (Hashimoto et al., 2006).

Besides supporting the TBM thrust during construction, CSLs must safely sustain the surrounding

ground and control, to a certain degree, groundwater ingress to enable tunnel operations. Thus, durability
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and watertightness are key to lining design and must be delivered through appropriate material
specification, lining depth and segment detailing (BTS, 2004). Damaged concrete in the form of
cracking, flaking or chipping is more prone to material degradation. Likewise, contact deficiencies at
segmental joints leading to poor gasket compression or misalignment (Shalabi, 2001) can undermine
watertightness.

1.2. Problem statement

The deployment of engineering models and design methods divorced from the effects of mechanised
shield tunnelling on the short and long term performance of CSLs can lead to either material waste or a
higher risk of structural damage during the tunnel design life, which in turn have a negative impact on

the total costs incurred and the environment.

In recent years, several statistical studies drawn from field observations were performed to identify the
cause for segment cracking, chipping and spalling during CSL construction (see Figure 1.1.b). It was
found that most damage occurred at the early stages of tunnelling. Chen and Mo (2009) quantified that
half of the cracks were initiated before or during ring erection; subsequent cracking was mostly allocated
to the skewed orientation between TBM and ring and to a lesser extent to uneven ram loads and grouting
pressures. Sugimoto (2006) identified the two most common types of segment damage: intrados
longitudinal cracks at segment sides and chipping of corners. The longitudinal cracks were associated
with the position of segments in curved alignments and appeared during the TBM advance, either before
or after the ring exiting the tail skin. It was suggested that such cracks could be caused by the contact of
the segment with the tail skin. Sugimoto (2006) also stated that the chipping of corners was primarily

triggered by ring erection.

Cavalaro (2009) conducted a thorough theoretical study on the structural behaviour of segments
subjected to contact deficiencies, which could lead to either corner chipping or longitudinal cracks.
Cavalaro (2009) proved that the longitudinal cracks could be caused by the redistribution of longitudinal
loads in segments with uneven support at circumferential joints. Corner chipping was produced by the
shear failure of laterally confined segments with severe initial angularities at longitudinal joints when
hoop loaded. At moderate angular imperfections, the segments could develop bursting cracks near the
stressed corners as a result of a reduction in the load-bearing capacity of the angled longitudinal joints.
However, Cavalaro (2009) assumed uniform loading conditions, neglected the sequential nature of
radial loading in simultaneously backfilled linings and TBM-lining interactions, and tackled flat joints

only.

Based on field observations, Gruebl (2006) described a damage mechanism associated with sequential
loading near the shield tail. The seal or grout pressures loaded progressively the rear of the newest ring

during the TBM advance. The ring adopted an uneven shape with greater diameter at the unloaded front
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than at the compressed rear. If the compressive strains at the stressed zones of the longitudinal joints
were irreversible, the shape became permanent. Gruebl (2006) also pointed that the transverse
component of ram loads in narrow curves, with radius smaller than 500m, could induce the shearing of
ring joints with bituminous packers. Gruebl (2006) proved the existence of damage mechanisms that are
entirely disregarded in the CSL design process, but without conducting further investigations; he also
provided one of the scarce published examples in which the transverse interaction between ram pads

and lining can result in structural damage.

Despite such evidence, most research to date on CSL behaviour during tunnelling focuses on the effects
of grout pressures on the lining through geotechnical and structural models that can reach a high degree
of complexity but neglect the TBM-lining transverse interaction and the sequential nature of ring loading
(Gruebl, 2006), e.g. in Ninic et al. (2017).

It then follows that a thorough investigation on the impact of sequential ring loading near the tail skin
and transverse TBM-lining interaction on the short and long term behaviour of CSLs is needed if the
design and maintenance of CSL structures is ever to be optimised; an optimisation that will benefit

tunnel designers and asset owners alike.

1.3. Aims and objectives

The main purpose of this study is to investigate the transverse and longitudinal behaviour of CSL
structures simultaneously backfilled with BGs during tunnelling, and how this early response influences
long term behaviour, in order to advance in the development of engineering models, limit state design
methods and potential damage assessment (PDA) methods that capture the effects of radial ring loading

and TBM-lining transverse interaction near the tail skin (Research purpose 1).

The research relies on the interpretation of a comprehensive data set on ring deformations measured
during the construction of the Crossrail’s Thames tunnel (CTT). The CTT field trials included the
deployment of distributed fibre optic strain sensing (DFOS) embedded in the concrete segments with
the Brillouin Optical Time Domain Reflectometry (BOTDR) technique. Given the novelty of this
distributed sensors in CSL monitoring during tunnelling, the research works were designed to develop
the practical use and assess the suitability of BOTDR sensing in CSL monitoring (Research purpose
2).

The CTT tunnel was designed with convex-convex longitudinal joints equipped with temporary spear
bolts. Most of the published research on CSL behaviour and structural damage is, however, based on
flat jointed CSLs while the functionality of the spear bolts in current CSLs is unclear (Harding et al.,
2014). Consequently, this study aimed also at evaluating the impact of joint geometry on CSL

performance and identifying the role of spear bolts in gasketed joints (Research purpose 3).
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The objectives of this thesis are listed in Table 1.1:

Table 1.1: Research objectives

Purpose Objectives
1 Longitudinal behaviour:
1.1. To assess the longitudinal relaxation of CSLs during construction due to time-
varying temperatures;
1.2. To identify the governing factors in longitudinal CSL behaviour and
subsequent damage mechanisms;
1.3. To develop an analytical solution for the longitudinal relaxation of CSLs due
to thermal effects;
1.4. To refine existing analytical bedded-beam models for the prediction of CSL
beam behaviour during construction;
1.5. To propose a PDA method for the preliminary assessment of damage risk.
Ring behaviour near the tail skin:
1.6. To prove that the TBM-lining transverse interaction near the tail skin is a
governing factor of ring behaviour in the short and long term;
1.7. To identify CSs representative of field conditions;
1.8. To identify and describe the ring behaviour and damage mechanisms
associated with the CSs;
1.9. Toassess the influence of lining features on ring behaviour and risk of damage.
2 2.1. To develop installation procedures for BOTDR sensors in CSLs;
2.2. To develop data interpretation methods for CSLs;
2.3. To assess the performance of strain and temperature sensors in CSLS;
2.4. To demonstrate the capability of DFOS for contact deficiency and crack
detection.
3 3.1. To develop an analytical method to assess joint bursting capacity at imminent

3.2.

3.3.
3.4.

cracking as a function of joint geometry and rotations;

To develop a method for the selection of longitudinal joint geometry
integrating local joint performance and global CSL behaviour;

To identify the functions of temporary spear bolts during construction;

To propose recommendations for joint design, including joint geometry, bolts,
dowels and packers.

1.4. Research strategy and thesis organisation

The research work is drawn on three pillars that enable cross-validation of conclusions: the development

and deployment of analytical models, three-dimensional (3D) numerical simulations and the

interpretation of the CTT field data. The thesis organisation is outlined below. Further explanation on

research methodologies is included in each chapter.

In chapter 2, the influence of joint geometry on the bursting and watertightness performance of

longitudinal joints is investigated. An analytical method for joint design that can integrate CSL global

behaviour is proposed.

In chapter 3, the role of temporary spear bolts in gasketed joints during construction is elucidated.
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In chapter 4, the effect of longitudinal joint geometry on the long term response of CSLs is examined
with the aid of 3D finite element (FE) models.

In chapter 5, the CTT structural health monitoring (SHM) deployment study is described, including a
detailed description of the installation works and the performance-based evaluation of the sensors
deployed.

In chapter 6, the longitudinal response of the CTT to sequential construction is studied with the support
of analytical models developed as required. A PDA method for the preliminary assessment of damage

risk is proposed.

In chapter 7, a 3D numerical study on the CSL local response to sequential loading near the tail skin is
conducted and damage mechanisms identified. The effect of uneven TBM-lining transverse interactions

and pressure gradients is examined for linings with different features.

In chapter 8, the behaviour of the CTT instrumented rings at the early stages of tunnelling is thoroughly

investigated and CSs representative of field conditions are proposed.

In chapter 9, the conclusions are summarised and the lines of research arising from this thesis outlined.
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Chapter 2
Study on the geometry of longitudinal joints

2.1. Introduction

Joint detailing is key in CSL design (BTS, 2004). Joints are critical features for the watertightness of
tunnels, must withstand concentrated loads and can become a governing factor in the global behaviour
of tunnels. Tunnel designers must detail joint geometry, sealing and connections with the view to
optimising CSL performance over its design life.

Longitudinal joints can be designed with convex-convex or flat bearing geometry (Vimalanathan,
2007). Craig and Muir-Wood (1978) categorised convex-convex joints as “articulated longitudinal
joints” that transfer normal forces at low eccentricities and increase ring flexibility. A minimum
number of ten to twelve segments was proposed at the time to avoid excessive hoop moments within
the segment bodies. Convex-convex joints with radii around 3m were typically used in expanded
linings of about 4m diameter constructed in London Clay (Craig and Muir-Wood, 1978), as these
joints could cope with the larger offsets and rotations required to accommodate overbreaks and
irregularities in the excavation line (Baumann, 1992). Conversely, their deployment was traditionally

disregarded in smooth bore grouted linings (Craig and Muir-Wood, 1978).

Examples of emblematic projects with convex-convex longitudinal joints are the Channel Tunnel, with
expanded CSL, and the Great Belt railway tunnel, with grouted and bolted CSL. Despite using
different joint curvatures, 3.2m and 2.5m respectively (BTS, 2004), the reinforcement design was
based on the same empirical equations developed for the Channel Tunnel project, which omitted joint
curvature as a variable. Vimalanathan (2007) reported curved joints with a radius of 1.375m being

deployed in the Heathrow Express tunnel.

Maidl et al. (2012) noted that the joint curvature was influenced by lining thickness, hoop thrust and
allowable rotations. Baumann (1992) proposed certain guidelines in the applicability of flat and curved
joints based on experimental results from full-scale joint tests. Flat joints were more suitable for low
hoop compression and small allowable rotations, while curved joints could cope better with high hoop

forces and large rotations.

In this chapter, the impact of bearing surface geometries on the local performance of longitudinal
joints is examined. First, mechanical models of joints available in published literature are reviewed.
Second, the main concrete damage modes near joints are summarised. Third, an analytical method for

the evaluation of bursting capacity is proposed. Fourth, the expression of gasket gaps in rotated joints
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is given. Fifth, a new method for joint design that can integrate the global CSL performance during
and after construction is proposed. Finally, the impact of joint geometry on in-plane imperfections is
briefly examined.

2.2. Joint rotational models

2.2.1. Flat joints
The most common rotational models of flat joints are the Janssen and Gladwell models (see Figure
2.1). Luttikholt (2007) summarised the comparison of these analytical models against finite element
analyses (FEA) undertaken by others and Hordijk and Gijsbers’s moment-rotation (MR) curves
derived from full-scale joint tests (Hordijk and Gijsbers, 1996).

The Janssen model represents the flat joint as a concrete element between two segments with a depth
and width equal to the joint depth, h;, thus capturing the effect of joint rotation, 8, and local concrete
deformations on the joint rotational stiffness, Ky (see Figure 2.1.b). It also assumes that the concrete
material is linear elastic and that a linear distribution of normal compressive stresses develops at the

contact surface. Consequently, the MR relationship is formulated with two equations:

2 2N Nh;
= Echy be 0 < or M <—2 21)
12 Echib 6

2N Nh; 2.2
M_N_hj - 8N 9>EhborM>T] (22)
2 9bh;E 6 <

where N is the normal force, M the bending moment, E. the concrete Young’s modulus and b the joint

width. In Eqg. 2.1, the joint is closed and Ky, depends only on h; and Ec. Once the joint opens, Eg. 2.2
applies, evidencing that Ky is not only dependant on joint geometry and material properties, but also
on the normal force being transferred at the joint. Since the contact depth reduces as the joint opens,
Ky decreases progressively and M approaches the asymptotic line of M=Nh;j/2, i.e. equivalent to a
normal force acting as a concentrated load at the extreme fibre of the joint depth (see Figures 2.1.a and
2.1.b).

The Gladwell solution is based on the contact problem of a flat frictionless punch pressed
asymmetrically on an elastic semi-space (see Figure 2.1.c) (Gladwell, 1980). MR curves converge
towards the same asymptotic line more rapidly and the initial Ky is greater due to stress concentration

at the punch edges (see Figure 2.1.a).

Blom (2002) refined the Janssen model to take into account concrete plasticity under compression

through a bilinear stress-strain relationship. In this case, a third region in the MR space is defined
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when concrete strains at the contact surface reach the elastic limit. The concrete compressive strength,

fe, becomes an additional variable.

Ding et al. (2013) and Li et al. (2015) developed comprehensive rotational models based on an
elastoplastic stress-strain relationship for concrete. The total normal concrete displacement at the most
loaded edges of the bearing surfaces, 4. (see Figure 2.1.d), were calculated with Eq. 2.3:

A= 2lccgc,max (2-3)

where | is the length of concrete segment needed to redistribute the concentrated stresses to the full
lining depth, h, and ecmax is the peak concrete compressive strain at the joint faces. Ding et al. (2013)
determined the Ic¢/h ratio of surface loads as a function of the load eccentricity and depth from two-
dimensional (2D) FEA of elastoplastic concrete joints. The Janssen model is equivalent to the Ding’s
solution if a linear elastic concrete constitutive model is adopted and I.c assumed to be equal to hy/2.

In Figure 2.1.a, Hordijk and Gijsbers’ (1996) test results on flat joints are plotted against MR curves
inferred from the above solutions and the joint geometry of their full-scale tests. Ding’s model is

formulated with no concrete plasticity but using Ding’s lcc/h ratios (Ding et al., 2013).

The graphs evidence that the Gladwell solution is an upper limit of the experimental MR curves.
Numerical studies have shown that the Gladwell relation reflects with great accuracy the rotational
behaviour of 2D FE models of flat joints with hj/h ratios typically used in joint design (Luttikholt,

2007), suggesting that the latter must also result in an overestimation of the experimental K.

The Janssen model approaches the experimental MR curves with slightly smaller moment capacity
from about 0.002rad onwards. The elastoplastic version of the Janssen model underestimates moment
capacities at high axial forces as the development of surface stresses is limited by the f. of choice.
Middendorf suggested an allowable bearing stress in concrete contact patches of at least three times
the cylinder compressive strength due to local concrete confinement before reaching failure by
wedging (Ibell, 1992). Yielding at the joint surfaces may then only be experienced at large rotations in
highly normally loaded joints. Consequently, the Janssen model is deemed an adequate lower bound

for serviceability states.

Hordijk and Gijsbers (1996) showed that the initial K, at low axial forces was smaller than predicted
by the Janssen model, and attributed the data scatter to joint imperfections whose relative effect
decreased with normal force. Conversely, the modified Ding’s model results in a better approximation
of initial stiffness when the joints are subjected to moderate normal loads. It leads, however, to lower
values of moment capacity, particularly at the non-linear branch of the MR curves. This
underestimation may be caused by the adoption of an elastoplastic concrete constitutive model for the

computation of I/h ratios, that results in overestimated I.c and Ac.
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2.2.2. Curved joints
The mechanical behaviour of curved joints has been a less prolific topic in the published literature.
The surface stresses of a curved joint can be estimated through Hertz’s theory for nonconforming
surface contacts, which assumes that surfaces are frictionless and continuous, strains are small and
curved bodies are linear elastic (Williams, 2005). Joints with constant bearing curvature can be
approximated to the Hertzian solution for two cylinders with parallel axes as long as the contact area is
small compared to the cylinders curvature (see Figure 2.2.a) (Young and Budynas, 2002). According
to Hertz, the pressure distribution described at the contact strip is semi-elliptical. The contact strip
shifts with stress distribution as the segments rotate relative to each other. Consequently, for a given
normal load, the rotational behaviour of curved joints working within the elastic region of concrete

and not subjected yet to edge effects is determined exclusively by the radius of the joint surfaces:

Ne. NRsin(6/2) NR g h; (2.4)

= < —
Ko =5 9 2 = 2R

where e is the eccentricity of the normal force and R the joint radius. This expression is also valid for
initially misaligned joints, given that the Hertzian model assumes each curved body as an elastic
cylinder, and thus the distinction between aligned and offset bodies is not relevant as long as the

contact strip is not narrowed by the joint edges (see Figure 2.2.b).

If edge effects are neglected, the joint rotational behaviour can be described through a family of
bilinear curves with normal force as the family parameter (see Figure 2.2.c). In the first branch, the
moment increases linearly with rotation until reaching the maximum moment of M=Nh;/2. From this
rotation onwards, the joint yields and it can be assumed that the moment is kept constant. In reality,
there is a transitional stage, where the contact strip narrows from the Hertzian to an infinitesimal
width.

There are no analytical solutions for contact problems in elastoplastic materials and their
characterisation is generally approached through FEA (Williams, 2005). In the case of curved joints
with elastoplastic concrete, the joint surfaces tend to flatten without significant influence on ec (see

Figure 2.2.d). Consequently, the effect of concrete plasticity on Ky is very limited.
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2.3. Concrete damage modes

At longitudinal joints, the hoop thrust is transferred through surface loads concentrated over a limited
contact depth that depends on joint geometry and rotation. The spread of such concentrated load
towards a linear distribution of compressive stresses along the lining depth generates transverse tensile
stresses in the disturbed zone: bursting stresses near the joint along the axis of the concentrated load
and spalling stresses at the sides of the loaded surface (see Figure 2.3.a).

In typical longitudinal flat joints with reduced joint depths, centrally loaded and subjected to moderate
in-plane angularities up to 0.2°, the load bearing capacity of joints at service loads is determined by
the crack width limit of bursting cracks, whilst, at higher angular imperfections, the critical load is
governed by shear failure of the loaded corner (see Figure 2.3.b) (Cavalaro, 2009).

Full-scale tests on curved joints without in-plane angularities conducted by various authors over the
years (Baumann, 1992; Swartz et al., 2002; BSI, 2004) showed that the tensile splitting caused by
bursting stresses was the most onerous damage mode as opposed to low-angle shearing, particularly at
serviceable load eccentricities. Indeed, in his study of anchorage zones for prestressed concrete, Ibell
(1992) concluded that in centrally strip loaded concrete specimens, bursting cracks were formed at the
centreline of the loaded area either prior to or contemporarily to ultimate failure due to low-angle

wedging (see Fig. 2.3.c). Simultaneous failure was observed only for highly concentrated surface
loads.

a) Transverse tensile stresses in b) Shear failure at high angular imperfections
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Figure 2.3: Concrete damage modes
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2.4. Bursting capacity

2.4.1. Current design practice

In current design practice, the quantity of through-thickness reinforcement required to prevent tensile

splitting near flat joints, Asreq, IS generally computed with Eq. 2.5:

4 Ty (2.5)
A 792

where Ty is the bursting force, fy is the characteristic tensile strength of steel and ys is the material

safety factor. The bursting force is calculated with the empirical formula for concentric anchorage

zones in post-tensioned concrete (see Figure 2.4.a), which was derived from experimental tests and

FEAs and has been adopted by several concrete codes (Zhou et al. 2015):

T, = 0.25N (1- %) (2.6)

where a is the width of the anchor plate along the beam depth and h is the depth of the concrete

member. The location of the bursting force along the tendon path, db, is given by:

dp = 0.5(h — 2e,) 2.7)

The expression of the bursting force for concentric and uniform surface loads is applied to the case of
flat joints with eccentric and triangular surface loads with the following amendments: the width of the
triangular surface load a is converted to the width of a uniform surface load with equal eccentricity
aeq=hj-2ec; h is reduced to the depth centred with respect to the surface load he=h-2e. (see Figure
2.4.b) (DAUB, 2013); so that Ty is:

h; — 2e (2.8)
T, =0.25N|1—- <
b =0.25 < h—2ec>

Therefore, the current design method for flat joints is based on the calculation of the bursting force by
adopting equivalent surface loads and joint dimensions and ignores the contribution of the concrete

tensile strength, fe, to bursting resistance.

In the case of curved joints, the design method against splitting failure is fundamentally empirical.
Designers infer rebar quantities from published design charts of joint bursting capacity against
reinforcement ratio obtained from joint tests conducted for previous tunnel projects, which may be
validated with project-specific laboratory tests (Swartz et al., 2002). The bursting capacity of joints is
defined as the maximum normal load that longitudinal joints can withstand before reaching a certain

limit state. Figure 2.4.c shows experimental data on bursting capacity at first visible crack and ultimate

14
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failure against tensile splitting, i.e. target load Niarget, gathered from the 3.2m radius joint tests
conducted for the Channel tunnel (Swartz et al., 2002). The empirical equation for Niarget includes the
contribution of f¢ but the influence of joint curvature and load eccentricity is omitted:

Nearget = 4.45f,hb + 4.0Fy, (2.9)

where F is the steel capacity against splitting (Swartz et al., 2002).

a) Bursting stress in concentric anchorage b) Equivalent joint dimensions for
zones of post-tensioned concrete eccentric load (after DA}l}JB, 2013)
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Figure 2.4: Current design practice for bursting capacity check

2.4.2. Proposed calculation method

The standard formulation of bursting forces at end zones of concrete members subjected to
concentrated surface loads given by Eq. 2.6 and Eq. 2.7 has been drawn from numerical methods and

experimental tests due to the lack of theoretical solutions (Zhou et al., 2015). However, in the last
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decade, several authors have proposed mathematical models of surface load dispersion based on
Guyon’s (1953) concept of main isostatic lines of compression (ILCs), i.e. load trajectories of equal
load share (see Figures 2.5.a and 2.5.b). The ILCs were approximated by polynomials that were to
fulfil certain boundary conditions. In the most recent development by Zhou et al. (2015), the boundary
conditions were drawn from the equations of the plane stress elastic problem. The bursting stresses

were then proportional to the ILCs curvatures.

The method proposed here for the calculation of bursting capacity at variable rotations of longitudinal
joints combines Zhou’s (2015) solution for eccentric surface loads with the rotational models of joints.
The bursting capacity is regarded as the maximum normal load that joints can withstand at imminent

tensile cracking.

In Zhou’s (2015) analytical method, peak bursting stresses, otmax, along the centreline of an eccentric
and uniformly distributed surface load are computed with Eq. 2.10:

06N a (2.10)
Comes = Gt ()

where b is the concrete member width, a the contact width along the member depth and y=2e/h the
load eccentricity ratio. Ty, is equal to:

T, = 0.25N(1 + y)? (1 —y - %) (2.11)

and is located at:

d, = 0.48h(1 —y) = 0.48(h — 2e,) (2.12)

Figure 2.5.c outlines the bursting capacity calculation procedure adopted here. For a given N and ot max,
the e at which bursting cracks are first experienced is derived from Eq. 2.10 and an equivalent contact
width, aecq, that in turn depends on joint geometry and eccentricity. Once e is calculated by solving the
system of two equations, M can be easily computed. The bursting capacity curve for a certain value of
otmax Can be represented in the normal force-rotation (NR) space with the aid of joint moment-rotation
relationships. The maximum T, and dy corresponding to the bursting capacity curves can be calculated
with Eq. 2.11 and Eq. 2.12.
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Figure 2.5: Bursting capacity calculation procedure

2.4.2.1. Flat joints

With the Janssen model, the joint bearing stresses are linear. The contact width of an equivalent
uniformly distributed load (UDL) with equal eccentricity is a.;=hj-2e.. Figure 2.7.a compares Zhou’s
unitary ovmax Calculated for the above UDL with those obtained from 2D FE linear elastic models of
flat joints subjected to equivalent uniform or triangular surface loads, for e. ranging from 0 to h;/2. The

input parameters are listed in Table 2.1.

Zhou’s armax iNcreases with e, from 0.25 to 1.40 times the average axial stress while in both numerical
analyses with triangular and uniform loads it varies from 0.20 to 1.1 only. The triangular surface loads

lead to ovmax marginally smaller than those given by the uniform numerical solution.

Figure 2.6.b shows the evolution of a. with e¢ in Zhou’s solution and the numerical analyses, the latter
calculated with Eq. 2.10 and the otmax Obtained from the FE models. The correction factors, fcorr, can be
used to convert Zhou’s oymax t0 the numerical oymax OF @ ormax that is corrected only for the linear

distribution of the surface loads.

The analytical bursting capacity curves in the NR space calculated with and without contact width
correction for various oymax are illustrated in Figure 2.6.c. In both cases, the joint capacity against
bursting is extremely high at small rotations but drops sharply as the joint opens. Triangular

distributions lead to slightly higher bursting capacities, particularly for greater oimax. However, at
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moderate rotations, they can expand the usability of flat joints to larger rotations, e.g. when
omax=9MPa and N=2750kN/m, the allowable rotations increase from 0.010rad to 0.015rad if the
triangular distribution of surface loads is accounted for.

Given that Zhou’s overestimation of oymax INCreases with e, up to two times the numerical oymax for

e./(hi/2)=0.7, the FE bursting capacity curves are expected to present a smoother decline with

rotations.
Table 2.1: Input parameters for bursting capacity based on the CTT joints
Input parameters
Name Symbol Units Value
Joint width b m 1
Lining depth h m 0.3
Joint depth h; m 0.17
Radius of curved joint R m 3.5
Concrete Young's modulus E. GPa 38
a) Peak bursting stress vs. eccentricity b) Equivalent contact width vs. eccentricity
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Figure 2.6: Bursting capacity calculation for flat joints
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2.4.2.2. Curved joints

Baumann (1992) measured the contact width of curved joints, unaffected by edge effects, for two
different values of axial force. These experimental widths were greater than the Hertzian widths (see
Figure 2.7.a), which means that the joint bearing surfaces were partially plasticized near the contact
width.

The lack of elastoplastic solutions to the contact of nonconforming surfaces imposes some difficulty in
the calculation of bursting capacity envelopes. However, the proposed Eq. 2.13, with the first term
proportional to the elastic solution and the second term varying linearly with the normal load N, fits

Hertz’s widths at low axial forces and Baumann’s experimental data:

aeq = A\/NK,Cg + BN (2.13)

where Kg is the effective curvature and Ce the effective elastic modulus given in Figure 2.2 (Young
and Budynas, 2002). When the contact width is close to the joint edges, it becomes again ae=hj-2e if
a symmetric pressure distribution is assumed (see Figure 2.7.b).

Figure 2.7.b shows the bursting capacity curves in the NR space of elastic and elastoplastic curved
joints with R=3.5m. Both families present three distinctive linear branches. At low rotations, with the
contact strip away from the joint edges, the contact width is fully developed. Plasticity increases
bursting capacity slightly, particularly with high values of oimax and N as a larger proportion of the
contact width is plasticized. The second linear branch describes bursting capacity at large rotations, i.e.
greater than 0.04rad, when the contact width is constrained by the joint edge. Wider contact strips at
higher oimax €xperience edge effects at slightly lower rotations. The third branch represents infinite
joint yielding with normal forces acting as a concentrated load at the joint extreme fibre. Overall, it

could be inferred that elastic contact widths provide a satisfactory estimation of bursting capacity.
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a) Contact width in curved joints
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Figure 2.7: Contact width and bursting capacity in curved joints
2.4.3. Discussion

2.4.3.1. Factors influencing bursting capacity

a) Effect of joint geometry

Figures 2.8.a and 2.8.b illustrate the bursting capacity curves of flat and 3.5m radius curved joints for
concrete grades defined by the approximate secant Young’s modulus, Ecm, and tensile strength, feim,
given by the Eurocode 2 (EC2) (BSI, 2010).

It is evidenced that the bursting capacity limits are greatly influenced by joint geometry. Flat joints
deliver high bursting capacities for quasi-centred loads but their performance drops drastically with 6,
particularly in joints with low strength concrete. The sensitivity of the flat joint bursting capacity to
rotations entails that small initial rotations resulting from ring erection can undermine bursting

capacity and its predictability.
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2.4. Bursting capacity

Curved joints present a more steady bursting performance against rotations. The radius determines the
correlation between load eccentricity and rotation, and subsequently the gradient of the bursting
capacity limit in the NR space. Curved joints with radii in the order of 3.5m, as generally used in
design, tolerate large rotations better than flat joints, particularly in the range of 0.002rad to 0.040rad.

The figures also prove that e increases much more rapidly in flat joints than in 3.5m curved joints: at
0.01rad, the eccentricity of a 3.5m radius joint still lies within the middle third of the joint depth; in
flat joints it already approaches the joint edge. Consequently, the splitting cracks of curved joints are
generally centred with respect to the joint depth unless extremely large rotations have taken place. In
flat joints, the splitting cracks are prone to develop at the joint edges, which may lead to concrete
flaking, as reported by Baumann (1992), and loss of gasket confinement. In conventionally reinforced
segments with flat joints, the offset cracking or flaking can expose the reinforcement near the joint and
trigger steel corrosion. At very large rotations, flat joints must experience wedge failure earlier than

curved joints, which was again empirically attested by Baumann (1992).
b) Effect of concrete grade

The use of high strength concrete improves the bursting capacity of both joint types. For instance, at
6=0.010rad, a C80/95 concrete grade, with Ecn=42GPa and f.m=4.8MPa, doubles the bursting capacity
of flat and curved joints with a C25/30 concrete grade, with Ecn =31GPa and fcm =2.6MPa. The
enhancement in bursting performance is caused by the increase in concrete tensile strength associated

with a greater concrete grade.
c) Effect of concrete tensile strength

The tensile strength of mature concrete, fi, generally ranges between 0.05 and 0.10 times its
compressive strength (Chen, 1982). Figures 2.8.c and 2.8.d. present the bursting capacity limit of

normal and high strength concretes with upper and lower values of f.

Normal and high strength concretes with equal fc: and Ecn 0of 35GPa and 41GPa respectively yield very
similar bursting capacity curves in flat joints, which denotes that the influence of Ecn is negligible. In

curved joints, Ecn is not a variable for bursting capacity.

An increase of fi: boosts the bursting capacity limit of joints. In flat joints, the decay with rotation is
smoother for higher fe; in curved joints, the bilinear decline becomes more accentuated although the
bursting capacity still remains greater than in curved joints. The difference between upper and lower
capacity curves is more notable for high strength concretes given that the range of f. is proportional to

the compressive strength.
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2.4. Bursting capacity

a) Bursting capacity for different concrete grades b) Bursting capacity for different concrete grades
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Figure 2.8: Factors influencing bursting capacity

2.4.3.2. Comparison with current design methods
In current design methods, the contribution of f to the bursting capacity at imminent cracking of flat
joints is dismissed while the empirical equation at ultimate bursting capacity of curved joints ignores
the influence of joint curvature and load eccentricity or joint rotations. If a more demanding analysis is
required, designers must resort to time-consuming FE analyses or costly full-scale joint tests, which

can have an impact on the project budget.

The proposed analytical method enables the inexpensive computation of the bursting capacity and the
maximum bursting force that an uncracked concrete joint can withstand for variable joint geometries

and rotations, based on the input parameters of h, h;, R, Ec and f.

Figures 2.9.a and 2.9.b show the normalised bursting capacity of flat and 3.5m radius curved joints for
different fu. It is clear again that the curved joints outperform the flat joints regardless of f.. The
differences in normalised bursting capacity curves for the fi examined are minor, with higher f

enabling a wider range of permissible rotations.

The analytical normalised capacity of curved joints with null rotations agrees with the Channel tunnel

experimental data on bursting capacity at first visible crack of centrally loaded joints (see Figure
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2.4. Bursting capacity

2.4.c), both in the order of 2. Given that the proposed solution reveals a drop in normalised capacity
with joint rotations, the reinforcement ratio calculated with Eq. 2.9 may need to be increased for
tunnels where large rotations are expected.

Figures 2.9.c and 2.9.d present the allowable bursting forces of uncracked concrete joints against the
bursting forces developed for given values of N. If it is assumed that the total bursting capacity of
reinforced joints is given by the contribution of both f, and reinforcement as suggested by Eq. 2.9, the
analytical calculation of bursting forces can help designers to reduce the quantity of transverse

reinforcement required, particularly in flat joints, based on estimated axial forces and joint rotations.

This analytical approach to the estimation of bursting capacity and forces can be a powerful design
tool, as it can help designers to minimise or avoid the need for costly full-scale tests and FE analyses
and identify opportunities to reduce or eliminate bursting reinforcement in accordance with the
expected global behaviour of the tunnel. However, the method proposed here relies on Zhou’s (2015)
polynomial approximation to ILCs, which overestimates oimax in eccentrically loaded joints. The
development of more accurate analytical expressions for transverse stresses is needed and should be

encouraged in future research.

a) Normalised bursting capacity b) Normalised bursting capacity
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Figure 2.9: Comparison with current design methods
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2.5. Gasket gap

The degree of watertightness required in a tunnel depends on its function and maintainability.
Permissible leakage rates or tightness classes are a design requirement for CSLs. Concrete segments,
gaskets and drainage systems must be designed accordingly (Haack, 1991). In transportation tunnels,
some groundwater leakage is permitted although it can affect humidity in the tunnel, leading to either
greater ventilation demands or condensation on the lining surface (BTS, 2004). Small groundwater
leakages can cause structural damage in the long term via progressive degradation of the concrete
quality (BTS, 2004). In more severe scenarios, the wash-through of soil particles could even initiate a
tunnel collapse (Grose et al., 2005).

Compression gaskets are a prominent element in a CSL’s watertight system. Their sealing capability
against groundwater pressures depends on the applied compression and the quality of the gasket-
gasket and gasket-concrete contact (Shalabi, 2001). The average gasket gap, 4, is the main parameter
to measure the quality of gasket performance in aligned joints.

The gasket gap of rotated joints can be calculated with Eg. 2.14 and Eq. 2.15:

h—h; (2.14)
Aflat= 0 (hj + ( 2 ]) —Yg — yc)

h e (2.15)
Acyrvea= —2 (E — Vg — ec) Ec - Acomp

where Aoy i the decrement in the gasket gap of curved joints caused by the normal load N and R is

the curved joint radius. The remaining parameters are illustrated in Figure 2.10; yq is equal to 50mm.

a) Gasket gap in flat joints

Figure 2.10: Gasket gap in rotated joints
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2.6. Proposed method for joint design

The isolines in the NR space with equal 4 are the gasket gap limits, as shown in Figure 2.11. In both
joints, for a given 6, an increase in the normal force reduces 4; thus the isolines present a minor

positive gradient in the NR space.

In curved joints, 4 is the result of the local concrete deformation due to normal compression, Ay
and joint rotation. The calculation of A.yn,, assumes uniform contact stresses, which may

underestimate concrete displacements and lead to conservative 4, particularly in lightly loaded joints.

Curved joints allow larger rotations for a given gasket gap limit because the distance between the

gasket depth and the joint neutral axis is smaller in curved than in flat joints.

2.6. Proposed method for joint design

To date, the selection of joint curvatures in joint design has been based on general guidelines
supported on past in situ performance and full-scale experiments (Baumann, 1992; BSI, 2004). The
NR envelopes of bursting capacity and gasket gap limit can be used as a rational method where the
joint design is integrated with the global CSL performance during and after construction. Two

examples of how to use the proposed method are presented here:

a) Selection of joint geometry based on global structural analysis:

Figure 2.11. shows the NR diagrams of CTT joints with variable curvature: flat, 10m and
3.5m radius curved joints. The most onerous combination of N and & obtained from a long
term analysis of CSL behaviour is also plotted in Figures 2.11.a and 2.11.c (see chapter 4).

The graphs evidence that a flat joint requires a fs=5MPa to prevent the formation of bursting
cracks while gaskets with 4<1mm need to meet the watertightness criteria. A 3.5m curved
joint with f4=3MPa performs satisfactorily against bursting, despite undergoing larger
rotations under the same long term tunnel conditions. Both technical solutions are viable; the
option selection could be made on the basis of other criteria such as ring misalignment, cost or

environmental impact.
Figure 2.11.b illustrates that the benefits of curved joints disappear with greater radii.

b) Selection of joint geometry including construction effects on CSL performance:
The total joint rotations in a built tunnel comprise those originated during construction. In the
CTT tunnel, the @ associated with tunnelling reached a peak of about 0.005rad, although the
initial & due to ring erection was excluded from the measurements (see chapter 5). If these
rotations were added to those predicted by the long term analysis, then the required f.; would
not change but the maximum A with acceptable watertightness would increase to

Imm<A<2mm for both joints.
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2.6. Proposed method for joint design

The proposed method can cope with initial misalignments by amending the joint depth parameters

appropriately. However, the effect of random in-plane contact imperfections resulting from the ring
erection and sequential loading near the tail skin cannot be accounted for.
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Figure 2.11: NR diagrams for different joint geometries
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2.7. In-plane contact imperfections

When two segments with an in-plane angularity, o;, are externally loaded in hoop direction, a moment
is induced at the contact between segments due to stress eccentricity. Equilibrium is reached through
segment deformation and lateral confinement activated by segment rotation, which progressively

increases the contact length between joint faces as the hoop load is applied (Cavalaro, 2009).

The resilience of longitudinal joint geometries to ¢; is investigated here through FEA. Four different
joint geometries are considered, i.e. flat and curved joints combined with straight or rounded shapes

along the segment width (see Figure 2.12). In-plane angularities of ¢;=0.0° and ¢;=0.4° are examined.

L L

| /

Straight joint * }Ih' (\ Curved joint Rounded joint
] R1

h Ihi Flat joint

=

Figure 2.12: Joint geometry configurations

The resilience to o; of each configuration is evaluated on the basis of the critical hoop load that
segments can sustain without the joint experiencing bursting or shear failure. Bursting failure is
assumed to occur at first cracking when fc; is reached to enable the comparison of FE and analytical

results.

Figure 2.13 illustrates the general arrangement of the numerical models with two straight segments
and contact interactions at their longitudinal joint. One segment is fixed at one end in the hoop
direction and the other is free to rotate in all directions. Cavalaro (2009) demonstrated that in-plane
rotations and contact lengths are not influenced significantly by variations in lateral confinement
stiffness ranging from 10% to 10'® N/mm?®. In this model, the lateral restraint is provided by half
segments laterally fixed at opposite sides. The contact between segments and confining units is made
through packers. For simplicity, the rounded curved joints are formed by segments with one curvature
at alternative axis, y or z, that is twice the nominal value. The solid elements are meshed with

hexahedral elements of first order with reduced integration.
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Packer
Lateral
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loaded
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joint

3D fixed

Figure 2.13: FE model for the study of 3D imperfections

2.7.1. Input data
The input parameters are listed in Table 2.2. The curvature of rounded joints was selected so that the
maximum initial clearance between bearing surfaces in perfect joints would not undermine gasket
confinement. Records on British expanded linings designed in the 70’s with 600mm wide segments
evidenced that R, ranged between 10m and 20m in doubly convex-convex joints (Craig and Muir-
Wood, 1978), i.e. much smaller than the R,=240m adopted here.

Given that the strain softening of confined concrete contributes to a wider contact area between
segments, the concrete was simulated with a linear elastic perfectly plastic model with the Mohr-
Coulomb failure criterion (Chen, 1982) defined by the concrete internal friction angle, ¢, of 37° and a
cohesion c derived from:

_ 2ccos¢
" 1-—sing

!
c

(2.16)

where f’c is the uniaxial compressive cylinder strength of C55/67 concrete. The Young’s modulus
prior to plastic yielding was calculated in accordance with the EC2 guidance for elastoplastic concrete
with a bilinear stress-strain relationship (BSI, 2010). The hoop loads applied in the models were
limited to 4000kN/m.
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2.7. In-plane contact imperfections

Table 2.2: Input parameters for joint models

Input parameters

Name Symbol Value
Geometry
Segment length [m] L 2.784
Segment width [m] W 1.6
Lining depth [m] h 0.3
Joint depth [m] hj 0.17
Radius of curved joint [m] R 3.5m
Radius or rounded segment [m] R, 240m (120m in model)
Packer thickness [m] tp 3mm (6mm in model)
Concrete-Mohr Coulomb model
Young’s modulus [GPa] E. 30.5
Poisson ratio [-] v 0.167
Cohesion [MPa] c 13.75
Angle of friction [°] ) 37°
Maximum bursting stress [MPa] 0 tmax 3
Packer—von Mises model
Young’s modulus [GPa] E, 13.3
Yield stress [MPa] fo 8.5
2.7.2. Results

Table 2.3 summarises the critical loads at which each failure mode was initiated for each case. There is
good agreement between the numerical and analytical bursting capacity of straight joints centrally
loaded.

The bursting capacity and critical load associated with shearing of straight joints is dramatically
reduced at ¢=0.4° in both joint types. The capacity loss, however, is greater than Cavalaro’s prediction
for flat straight joints mainly because this study omits the concrete rebar and uses a different
constitutive model. The spalling stresses at the bearing surfaces of curved joints exceed f earlier than

the bursting stresses.

The rounded joints are more resilient to o;. No shear failure is experienced by imperfect flat joints
while the curved joints exhibit only a modest improvement in shear capacity. The rounded flat joints
retain 55% of the bursting capacity at ¢;=0.4° as opposed to a 17% residual capacity of the straight flat
joints. The bursting capacity of rounded curved joints is only enhanced at zero angularity by a partially

plasticized contact area (see Figure 2.14).

Overall, the rounded flat joints exhibit the best resilience against high «;, followed by joints with
single curvature. However, if the rounded flat joints were also rotated by certain 6, it is likely that their

resilience would be deteriorated to the levels of rounded curved joints in the best case.
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Table 2.3: Critical loads of joints with in-plane angularities

Critical loads [KN/m]
aJ:O.O° aj:0.4°

Joint geometry Bursting failure Bursting failure

Shear failure Shear failure

at 6 tma=3MPa at 6 tmax=3MPa
Flat >4000 3500 52 684
Curved 1795 1584 52 156
Flat and Round >4000 2137 >4000 1926
Curved and Round 3600 2237 655 156

Straight curved joint o;=0.0°

1111 I Y N N T N N N I N o v 111

Straight curved joint o;=0.4°

CPRESS
+1.500e+08
+1.375e+08
+1.250e+03
+1.125e+08
+1.000e+08
+8.750e+07
+7.500e+07
+6.250e+07
+5.000e+07
+3.750e+07
+2.500e+07
+1,250e+07
+0.000e+00

Figure 2.14: Contact patches in curved joints at N=4000kN/m, pressures in Pa
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2.8. Conclusions

Nowadays, the selection of longitudinal joint curvatures is based on generic published guidelines
supported on past in situ performance and experimental evidence (Baumann, 1992; BSI, 2004). A new
analytical method for joint design that predicts joint performance against bursting and watertightness
for variable rotations was proposed in this chapter. This inexpensive method enables tunnel designers
to make rational decisions on the geometry of longitudinal joints by inserting the results of global CSL
structural analysis on the proposed NR diagrams. When more than one option is possible, then the
evaluation of other criteria such as cost or the impact on the environment can be pondered.

The analytical estimation of bursting capacity and forces at imminent cracking can be a powerful tool
in the preliminary stages of joint design, as it can help designers to minimise or avoid the need for
costly full-scale tests and FE analyses and identify opportunities to reduce or eliminate bursting
reinforcement in accordance with the expected global behaviour of the tunnel. However, the method
proposed here relies on Zhou’s (2015) polynomial approximation to ILCs, which overestimates ot max
in eccentrically loaded joints. The development of more accurate analytical expressions for transverse

stresses is needed and should be encouraged in future research.

The bursting capacity before cracking depends mainly on the joint curvature and fe.. Curved joints with
radius in the order of 3.5m tolerate larger rotations than flat joints. The splitting cracks in flat joints
tend to develop near the joint edge, which can trigger rebar corrosion and loss of gasket lateral
confinement. Conversely, the splitting cracks of curved joints would tend to be close to the joint mid
depth. High strength concretes, with generally superior fe, ensure a greater bursting capacity before

cracking.

The influence of joint geometry on the resilience to in-plane imperfections was briefly investigated
through flat and curved joints with either a straight or rounded extrusion. The straight joints with high
in-plane angularity, ¢;=0.4°, failed in shear when subjected to low hoop forces, regardless of the joint
out-of-plane curvature. Overall, the rounded flat joints exhibited the best resilience to high a;, followed
by joints with one single curvature. However, in rotated rounded flat joints, the critical loads may be

reduced again to low values.
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Chapter 3
The role of spear bolts in gasketed joints

3.1. Introduction

Mechanical connections in British grouted smooth bore CSLs were first introduced at a time when
ring assembly was performed manually (Harding et al., 2014) to provide ring self-support in tunnels
subjected to adverse ground conditions (Winterton, 1994). Gaskets were first deployed in bolted CSLs
at a later time to replace the traditional sealing methods that contained asbestos (Winterton, 1994).
Since then, gasketed CSL rings have been consistently equipped with at least temporary mechanical
connectors (Winterton, 1994),

Nowadays, spear bolts are installed at longitudinal joints during ring erection and removed once the
effects of TBM tunnelling on the lining response are expected to have dissipated, i.e. about ten rings
behind the TBM, even if their function during construction is not clear to neither designers nor
manufacturers (Harding et al., 2014). The temporary use of spear bolts, however, increases material
and manpower costs and entails the risk of localised cracking of concrete segments near the bolt
pockets (Chen and Mo, 2009).

Nevertheless, there appears to be a lack of detailed studies on the role of spear bolts during
construction. The BTS guidance on tunnel design conveys the importance of fixings between segments
in ensuring adequate gasket performance by closing or holding the joint together against gasket forces
without specifying fixing types (BTS, 2004). Herrenknecht and Bappler (2003) stated two functions of
temporary bolts at longitudinal joints: ring build accuracy and preserving longitudinal gasket
compression prior to grouting. Harding et al. (2014) examined qualitatively the function of bolts
without long term moment capacity, i.e. spear and curved bolts. Their limited rotational resistance and
inability to contribute to shear resistance in a serviceable context was evidenced: the former due to
their joint position close to mid depth; the latter caused by the clearance between the bolt shaft and the
segment body. Harding et al. (2014) concluded that perhaps the only function of such bolts in normal
conditions was “to hold the joint closed under gasket loads”; in the accidental case of TBM rams

failure, bolts might also “hold segments of partially built rings together”.

With the advent of modern dowelled connectors, which can improve ring build accuracy (Kolic et al.,
2000) and connectivity between adjacent rings, it becomes even more necessary to investigate the role
of spear bolts in current lining configurations. Apart from shear resistance in ultimate limit state (ULS)

scenarios (Harding et al., 2014), the possible mechanisms of interaction between joint and bolt are
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3.2. Rotational models

through rotational resistance against eccentric loading, i.e. gasket loads or segment moments, and
tensile resistance against pure tension. The former is important to examine the function of holding the
gaskets closed at joints with low or null hoop compression. The latter may be relevant in retaining the
shape of poorly compressed rings and limiting contact deficiencies.

In this chapter, rotational models of flat and curved joints fitted with spear bolts and one-gasket
sealing are proposed. The approach to spear bolt modelling is validated through published test results
on full-scale flat joints with spear bolts (Hordijk and Gijsbers, 1996) and FEA. These models, together
with complementary calculations, are then used to clarify the role of spear bolts in retaining gasket
compression and enhancing ring build quality. Finally, their ability to mitigate concrete damage during
construction is reviewed with the aid of 3D FE simulations. All the analyses are based on the CTT
CSL (see Figure 1.1).

3.2. Rotational models

The rotational models for gasketed bolted joints are computed in accordance with ITA guidelines
(ITA, 2000) and published two-dimensional mechanical models that successfully predicted
experimental joint behaviour. Ding et al. (2013) developed an analytical solution specific to bolted flat
joints provided with cast iron panels and moment-resistant bolts for a water conveyance tunnel. Li et
al. (2015) proposed a joint model to investigate ULS behaviour of flat gasketed joints equipped with
moment-resistant bolts. The same basic assumptions considered by the authors above apply to the
analytical solutions presented here:

1. Deformations and joint rotations are very small;
2. Normal strains along the rotated joint are linear (only valid for flat joints);

3. Bolts cannot bear compressive forces and concrete resists compressive stresses only.

3.2.1. Flatjoints
The flat joint model copes with linear and bilinear stress distributions at the concrete faces in contact.
Local concrete displacements are calculated with Eq. 2.3. The rotational model is based on the Janssen
model, i.e. I=h;j/2, and incorporates concrete plasticity (Blom, 2002). Thus, concrete stresses at the
joint faces are:
o = { Ece £ < £co 3.1)
fe €co < & = Ecy

where & is the yielding compressive strain and &, the ultimate limit strain of concrete (see Figure
3.1).
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3.2. Rotational models

>

Eco Ecy £

Figure 3.1:Concrete material model for rotational models

The gasket action is simulated as a compression spring with variable stiffness resulting from the
polynomial interpolation of the manufacturer’s gasket force-gap curve. As the gasket deployed in the
CTT is unknown to the author, the Phoenix M 385 41a type “Tokio” (Phoenix, 2014) gasket force-gap
diagram is adopted here and is approximated with Eq. 3.2 (see Figure 3.2).

F o= {0.048A4 — 0.854A3% + 5.853A% — 20.907A + 44.53 0 < A< 7mm (3.2)
9 —0.077A3% + 1.863A% — 14.838A + 46.573 7mm < A< 13mm

where Fq is the gasket force in KN/m and 4 is the average gasket gap in mm.

50

45 * H -
40 H -
\ | I

35

A=0mm A~
o ]\
25

10 ~Se_
5 —— e

g

0 AN

0 2 4 6 8 10 12 14
A [mm]
® Manufacturer's data ——Polynominal interpolation

F, [kN/m]

Figure 3.2: Gasket force-gap diagram

Bolts are modelled via a tension spring normal to the joint and located at a depth ys, i.e. the depth at
which the spear bolt crosses the joint. Pull-out tests of spear bolt assemblies evidenced that failure in
tension occurs due to thread-stripping (Harding et al., 2014) before reaching bolt yielding (Anixter,
2014). The spring representing the bolt system is linear elastic, with a stiffness derived from pull-out
tests specific to the CTT bolts. Then, the bolt force is:

EpAp

Fb = kbALb =Ny - min <—
Ly

) kMan) ' Cos(ab)ALb (33)
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3.2. Rotational models

where Fy is the bolt force, ny is the number of bolts per metre, ky, is the bolt system stiffness, ALy the
extension of the bolt system, Ep, the bolt Young’s modulus, Ay, the bolt cross-sectional area, Ls, the
bolt length, kman the manufacturer’s linear stiffness and ay the bolt angle.

The MR curves are obtained by solving the equilibrium equations of the joint section, ensuring
compatibility of deformations (see Figure 3.3):

N=F +F—F, (3.4)
h h (3.5)
M= Feo+ £y (5-0) + Fo5-)

where F. is the concrete compressive force, ec is the eccentricity of the concrete force and yq the
average depth of the gasket (see Figure 3.33).

£l Y
M (-)
R LI
ycl Fr I y ¢ Neutral axis
S

Figure 3.3: Force diagram for flat joints

Unlike in cast iron linings, the contribution of bolt bending to moment capacity, AMppend, COMputed
with Eqg. 3.6 is negligible given the usual slenderness of spear bolts, their large spacing and the
possible deformation of the plastic socket.

_ Eblb _ Eb leT[Rgg (36)

where Iy, is the bolt moment of inertia and Ry the bolt cross-sectional radius. Bolt pre-tightening and
2D imperfections, i.e. initial misalignment and rotations, can be included in the model, the latter by

modifying the input geometry and loosening the bolt accordingly.

3.2.2. Curved joints

Like in the joints without gaskets and bolts, hereafter named bare joints, the cross-sectional

displacements are the result of local concrete deformations and joint rotations (see chapter 2). Bolt and
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3.2. Rotational models

gasket effects are considered through Eq.3.1 to EQ.3.5 and the compatibility of deformations between

gasket, bolt and the contact strip (see Figure 3.4). For example, in Figure 3.4 4 can be calculated as:

e; (3.7)

h
A= Ag — Acomp: —2 (E —Yg — ec)f - Acomp

where 44 and 4comp are the gasket gap components caused by the joint rotation and axial compression
respectively. 4comp can be computed from N with the expression of aq proposed in Eq. 2.13.

F |_ Yg

M (-)
N (+)

Figure 3.4: Force diagram for curved joints

3.2.3. Validation of mechanical models

The validation of bolt and gasket simulation techniques is conducted on flat joints only, given that
both joint geometries share the same modelling approach to these two features and that the

experimental test results on spear bolted joints were only available for flat geometries.

3.2.3.1. Validation against full-scale tests
The full-scale joint tests performed by Hordijk and Gijsbers (1996) revealed that, overall, “the effect
of spear bolts on MR curves is not significant and decreases with an increase in axial force”. Figure
3.5 illustrates the experimental MR curves at various normal loads and the analytical solutions
obtained from the geometry and bolt pre-tightening of the tested joints. The stiffness of the tested bolt
system was not reported and thus it is assumed equal to that of the CTT bolts (see Table 3.1) despite
the bolt diameter being 14mm rather than 20mm. However, given that the bolt system stiffness is
determined by the bolt interface with the plastic socket (Anixter, 2014), it is reasonable to assume that
it may be of similar magnitude in both cases. The scatter in experimental data and the bolt contribution

in positive and negative bending are also included in the graphs.

The dispersion in the experimental data of bare joints has a more prominent role in lightly loaded

joints, up to 25% of the moment capacity at 200kN/m as opposed to roughly 10% at 2300kN/m.
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3.2. Rotational models

Hordijk and Gijsbers (1996) associated the data scatter with initial contact imperfections at joints. The
bolt contribution to dispersion is very small at 200kN/m, but becomes greater with higher normal
loads.

At N=200kN/m, there is a good correlation between the bolt contribution of the test results and the
analytical predictions, particularly at positive bending. The greater discrepancies at negative bending
are in the order of 5% of the total moment capacity. Even changes in the trend of bolt contribution

with joint rotations are well captured by the rotational models.

At higher normal forces, the experimental and analytical results do not agree well. However, the bolt
contribution is small and thus the differences oscillate by about 10% of the total moment capacity, that

is, in the order of the data scattering found in bolted joints.

Overall, the experimental data suggested that the bolt contribution to moment capacity, which is
mostly provided by the initial pre-tightening (see section 3.3.1), is only relevant at low normal forces
and may be sensitive not only to contact deficiencies but also to the relaxation of bolt pre-tightening

with loading cycles.
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Figure 3.5: Experimental and analytical data of joints
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3.2. Rotational models

3.2.3.2. Validation against FE analysis
The FE modelling of flat joints implies an overestimation of moment capacity caused by stress
concentration at the edges of closed joints (see chapter 2). However, the rotational model can be
validated against 2D FEA if the joint is open prior to the application of an external moment, which
entails that N must be not greater than the maximum gasket force. The flat joint geometry was
summarised in Table 2.1 and spear bolt input parameters are listed in Table 3.1. The bolts were

modelled by a single tension spring with kuan System stiffness and no pre-tightening.

Table 3.1: Spear bolt input parameters

Description Value

Average gasket depth, yg [mm] 50

Bolt depth, y, [mm] 140

Bolting system stiffness, kman [KN/mm/bolt] 9.184 (Anixter, 2014)
Bolt angle, as [°] 28°

Number of bolts/metre, ny [-] 1.25

Figure 3.6 evidences an excellent agreement between analytical and numerical models in both bolted
and boltless joints. Unfortunately, as far as the author knows, there are no experimental MR curves of
bolted and boltless joints subjected to normal loads smaller than maximum gasket forces.

At null rotation, the moment is equal to that exerted by the fully closed compression gasket, i.e.
4.453KkNm/m. At negative rotations, the eccentric force of the compression gasket opens the joint until
the compressive stress developed at the contact strip, plus the bolt tension in bolted joints, can restore
equilibrium. At such small normal loads, the moment transfer is palpably affected by the reduction in
gasket force. At pure compression, with M=0kNm/m, the flat joint experiences a rotation in the order

of -0.01rad, slightly smaller in the bolted joint, and the gasket gap is about 2mm.
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Figure 3.6: Validation of analytical model against 2D FE models.
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3.2. Rotational models

The use of appropriate techniques for bolt modelling in lining joints has been widely debated. Li
(2014) investigated several configurations of group springs in 3D models of cast iron joints to capture
the enhancement in Ky provided by bolts. Li (2014) found that a group of nine springs equally
distributed in a rectangular grid circumscribed to the bolt cross section was a good compromise
between accuracy and numerical efficiency. Wang et al. (2012) conducted a study on bolt modelling
techniques for concrete joints with moment-resistant bolts subjected to bending. The bolts were
modelled in three different ways: solid elements, a single spring and the group spring recommended
by Li (2014). It was concluded that the single spring substantially underestimated the bolt contribution

to moment capacity, whilst the group spring yielded MR curves similar to those of continuum bolts.

Consequently, the 2D FE models used in the validation of the analytical solutions must be checked
against solid models of gasketed flat joints with single and group spring bolts. Figure 3.7 compares the
MR curves of boltless and bolted joints in positive and negative bending. The usual mismatch between
analytical and FE solutions caused by edge effects is visible, particularly at negative bending.
However, the post-linear gradients agree in both bending directions. The effect of spear, or soft, bolts
is almost negligible and there is practically no difference in behaviour between 2D (1 and 3 springs)
and 3D (3 and 9 springs) FE models, which contradicts the findings from previous authors.

With moment-resistant o stiff bolt systems, the bolt contribution to bending capacity is obvious in
analytical and 2D FE (1 and 3 spring) solutions. In 3D simulations, single spring models cannot
capture the bolt effect, which is, this time, consistent with published research. Group spring models,
however, can simulate satisfactorily bolt contribution up to rotations of 0.002rad in positive bending
and 0.010rad in negative bending. Beyond these values, the discrepancy between 2D and 3D
simulations increases. It could be inferred that the difficulty in capturing bolt effects in 3D joint
models with spring techniques resides in the connectivity between solid elements and springs. When
this connectivity improves through group spring enhancement, 3D models tend to resemble better the

2D solutions.
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a) Soft bolted joints: MR curves (-) b) Soft bolted joints: MR curves (+)
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Figure 3.7: FE and analytical MR curves for gasketed joints with soft and stiff bolts

3.3. Discussion

The role of spear bolts has been investigated with regards to (i) contribution to joint moment capacity;
(ii) preservation of gasket compression; (iii) ring build quality; and (iv) ring shape retention during
construction. The CTT joint is taken as the reference joint. Input parameters are given in Table 2.2,
Table 3.1 and E.=38GPa.

3.3.1. Moment capacity and gasket compression

3.3.1.1. Rotational behaviour of joints
The analytical models reveal that, at normal forces greater than the maximum gasket force, there is
contact between concrete faces for all equilibrium states, and the restoring mechanism against gasket
force is realised through rotational resistance (see Figure 3.8.a). When the normal force is lower than
the maximum gasket compression (see Figure 3.8.b), there are two modes of equilibrium in opened
joints. In negative bending, the equilibrium states are again reached by rotational resistance. In

positive bending, there is no contact between joint faces and the bolt and gasket are the only active
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elements in the system. Bolt tension is the only restoring force that can compensate gasket force,

leading to one single equilibrium state at a small rotation.

The joints that are subjected to normal loads greater than the maximum gasket force are herein called
“closed” joints and those under smaller loads are named “open” joints. This terminology is not entirely

correct as “closed” joints can be open. “Open” joints, however, cannot be closed.
a) Flatjoints

Figure 3.9.a evidences that the contribution of bolts without pre-tightening to the moment capacity of
“closed” joints is negligible. In “open” joints, the bolt reduces the & required for equilibrium: for
example, at N=20kN/m and M=0kNm/m (see Figure 3.8.b), 8 and 4 decrease from -0.028rad and 5mm
to -0.018rad and 3.3mm respectively. The lower rotation limit, 6im, also drops from -0.011rad to
-0.007rad.

Bolt pre-tightening improves the effectiveness of bolt resistance against joint rotations in both cases.
Hordijk and Gijsbers (1996) applied in their tests pre-tightening forces comprised between 20kN/bolt
and 30kN/bolt, noting that larger pre-tightening forces were not practicable. Figures 3.8.c and 3.8.d
present the MR curves of “closed” and “open” joints with 30kN/m of bolt pre-tightening. The
relaxation of pre-tightened bolts with time is not considered in spear bolts with a temporary function.
The moment capacity of “closed” joints subjected to low normal forces is increased with pre-tightened
bolts, e.g. 22.7% at -0.002rad and 200kN/m, although the total capacity remains small, about
10KkNm/m. In “open” joints, # and A at 20kN/m pure compression are further reduced to
-0.0085rad and 1.6mm respectively, whilst 8iim lowers to less than -0.001rad. With null normal forces
and moments (see Figures 3.8.e and 3.8.1), bolt pre-tightening halves 6 and 4, resulting in -0.015rad

and 2.7mm respectively.
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a) N=200kN/m and F,,=0kN/m b) N=20kN/m and F,,=0kN/m
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Figure 3.8: MR curves, bolt force, gasket gap and neutral axis for gasketed flat joints
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a) Curved joints

In curved “open” joints, the § in boltless joints is higher but of magnitude similar to flat joints (see
Figure 3.9). For instance, when N=20kN/m and M=0kNm/m, the curved boltless joint reachesa  6=-
0.036rad as opposed to the =-0.028rad exhibited by flat joints. In curved bolted joints, the spear bolt
is less effective in preventing rotations, as the eccentricity of the contact strip remains relatively small
even for large rotations. Thus, the bolt forces developed at curved joints are also lower. Conversely, 4
still increases more rapidly in flat than in curved joints (see chapter 2). A 30kN/m bolt pre-tightening
improves the moment capacity of “open” curved joints, but @ is still significant: for example, when

M=0kNm/m, the & required to balance the gasket force is -0.024rad.
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Figure 3.9: MR curves, bolt force, gasket gap and load eccentricity for gasketed curved joints

3.3.1.2. Gasket compression
It can be inferred from the above that, in “closed” joints, the spear bolts can improve the joint moment
capacity at low normal loads and serviceable rotations through significant bolt pre-tightening, while 6
and 4 can be reduced in “open” joints with spear bolts, particularly when pre-tightened, to values that,
however, are not minor. Bolt pre-tightening in field conditions, however, cannot be as reliable as in the
controlled environment of a laboratory. Consequently, in assembled segments or rings with “open”
joints, e.g. during ring erection, the equilibrium against gasket forces may be reached through shear
and normal resistance at the circumferential joint before the rotational resistance of bolts is even

activated.

Figure 3.10 illustrates the equilibrium mechanism of a two-segment system subjected to gasket forces.
The gasket force originates a lateral load and moment in the segments, which translate along the y axis
and rotate around the x and z. The rotation around the x axis is ignored in this system with the
assumption that it will be in any case small. The translation in the x-axis activates the dowels in shear.
The pull-out reaction of dowels and the compression of packers oppose the z-axis rotation; the reaction

of the ram loads is ignored, which should result in a conservative calculation.
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Figure 3.10: Simplified force diagram for a two-segment system with boltless joint subjected to gasket force

The shear stiffness of CTT dowels at small displacements, Kaowelss, iS 29kN/mm (Anixter, 2014) and
the pull-out stiffness, Kdaoweisn, 18.75kN/mm. If the 200x150mm? packers are assigned a conservative
stiffness of 13.3MPa/mm, the lateral confinement per packer pair would be 800kN/mm. However,
given that the packer can only withstand compressive forces, the equivalent Kgoweisn Of the packers
could be taken as 400kN/mm. L’ is close to 1.86m and the remaining input parameters can be found in
Table 2.2 and Table 3.1.

The above system yields values of 4,=1mm and 4g=1.2mm, which are already smaller than the 2.7mm
gasket gap of bolted flat joints with 30kN/m bolt pre-tightening and null N and M. The bolted two-
segment system delivers similar gasket gaps of 4,~0.8mm and 4g=~0.9mm. It can then be inferred that
the principal restoring mechanism against gasket loads is provided by the interaction with the

circumferential joint. The bolt action to hold the gasket close is either insufficient or not used.
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3.3.2. Ring build
Bolts can delimit excessive longitudinal joint misalignments during ring assembly. However, their
lack of shear resistance at serviceable displacements (Harding et al., 2014), implies that subsequent
lipping must be resisted mainly through friction between concrete segments or by connectors at

circumferential joints.

In addition, bolts cannot prevent initial rotations. Dowelled connectors are again the primary elements
delimiting rotations. For a given maximum eccentricity between dowel and socket, €gowel, the

maximum initial rotation allowable, Gnax, is:

2e
Omax = dowet (3-8)
Sdowel

where Sqower iS the spacing between dowels. For the CTT, a eqwwer=8mm Yields initial rotations not
greater than 0.017rad (see Figure 3.11).
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Figure 3.11: Maximum initial rotations delimited by dowel misalignment

3.3.3. Construction stages
In this section, the capability of spear bolts to alleviate damage during tunnel construction is
investigated by reviewing the most frequent damage events associated with the construction stages
(see Table 3.2).

Table 3.2: Role of spear bolts against damage during construction

Stage Contact Action Damage Bolt
deficiency function
. . Forcing key Chipping and
Ring Joints not fully installation with rams ~ gasket strippingat ~ Very limited
assembly closed .
due to tight space keystone
ng. Ioa_ded Uneven packer Ram loads Longitudinal cracks None
longitudinally  support
Angular . . .
Near tail skin  imperfections at Tulip effect due to - Lo_cal.spllttlng or Tensﬂe
e eccentric compression  chipping resistance
longitudinal joints
Outside tail Circumferential TBM interaction In Gasket
! s curves None
skin joint lipping underperformance

Uneven settlement
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Gruebl (2006) identified the forced insertion of a tight keystone as the cause of the most frequent
damage during ring erection, i.e. chipping of keystone corners and gasket stripping. Gruebl (2006)
associated it with either poor ring erector operation or deformations in previous rings inhibiting the
full closure of longitudinal joints during ring assembly. Since spear bolts have at best a secondary role
in keeping lateral gaskets closed, their use has a minor impact on this damage.

The initial angular imperfections that trigger the chipping of longitudinal joints under hoop
compression (see chapter 1 and 2) cannot be mitigated by spear bolts that are installed after the
segment assembly. Likewise, bolts cannot prevent the longitudinal cracks produced by the longitudinal

compression of segments with uneven packer support (see chapter 1).

Despite their minor role in holding gaskets close prior to any hoop compression, the spear bolts could
indeed contribute to resist the opening of longitudinal joints when the rings are loaded with eccentric
radial pressures near the tail skin during TBM advance. This scenario is further examined in section

3.3.3.1. Once the ring is fully compressed, the bolts become loose and can be removed.

3.3.3.1. Role of bolt during sequential loading with uniform radial pressures
The action of spear bolts during sequential loading was examined through the solid model of a ring
subjected to a 700kPa radial pressure applied gradually from the ring rear until covering the entire ring
width (see Figure 3.12). The concrete segments were simulated with first order hexahedral elements
with reduced integration and a linear elastic constitutive model. The longitudinal joints were modelled

with hard contact interactions.

Figure 3.12 details the boundary conditions and loads applied in the modelling sequence. The
tangential and longitudinal displacements at packer positions were fixed. It was assumed that the TBM

hydraulic jacks did not impose any restraints to ring displacements.

Profile Back view

1 = Radial direction
X 2 = Tangential direction
-~
700kPa 3 3 = Longitudinal direction
w X = Loaded width
—— Fixed condition (F)
Keystone L
T
F123
R1
REAR FRONT

(LINING SIDE) M (TBM SIDE)

Figure 3.12: Boundary conditions and applied loads for sequential loading
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Figure 3.13 illustrates the radial displacements when the ring is loaded over a 0.1m width and by the
end of the loading sequence, with full compression. Under eccentric radial pressures, the segments
tend to rotate radially and the longitudinal joints open as a consequence. The joints close gradually

with the increase of the loaded width.

In boltless rings, the keystone exhibits a residual radial rotation of 0.0025rad that results in 3mm front
displacements. The tensile resistance of the spear bolts installed at least at the keystone joints can
prevent the residual rotation of keystones, leading to uniform ring displacements after sequential

loading.

The spear bolts can also reduce peak radial rotations, particularly of keystones, within the loading
sequence, in this case study from 0.003rad to 0.0018rad. Thus, the risk of chipping of segment corners
and the uneven plastic deformations of longitudinal joints that can lead to permanent “tulip” ring

shapes (see Figure 3.13.a) can be mitigated with the use of spear bolts.

a) Boltless ring, loaded width=0.1m b) Boltless ring, loaded width=ring width=1.6m

.

FRONT REAR FRONT

REAR

c) Bolted ring, loaded width=0.1m d) Bolted ring, loaded width=ring width=1.6m

FRONT REAR FRONT

REAR

e) Bolted keystone, loaded width=0.1m f) Bolted keystone, loaded width=ring width=1.6m

FRONT REAR FRONT

+4.500e-03
+3.500e-03
+2.500e-03
+1.500e-03
+5.000e-04
-2.000e-04
-1.500e-03
-2.500e-03

Figure 3.13: Radial displacements [m] in ring subjected to sequential loading with 700kPa radial pressures
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3.4. Conclusions

The function of temporary spear bolts in current CSL configurations is not clearly understood by
neither tunnel practitioners nor manufacturers (Harding et al., 2014), who, in the absence of detailed

studies, propose them as conventional features of CSL design.

The role of spear bolts in gasketed joints with regard to joint moment capacity, preservation of gasket
compression, ring build quality and retention of ring shape during construction has been thoroughly
examined in this chapter with the support of 2D analytical models of bolted gasketed joints and  two-

segment systems, plus ring numerical models.

Table 3.3 summarises the identified functions regarding structural capacity and damage prevention.

Table 3.3: Summary of bolt functions

Function Bolt performance
Enhancement of moment capacity Minor only for low normal forces when
(“closed joints™) pre-tightened.
Resistance to gasket force (“open joints”)  Minor and insufficient.
Prevention of initial imperfections Delimits longitudinal joint misalignments.
No action against initial angularities.
Retention of ring shape during Limits residual deformations and risk of corner
construction chipping during sequential loading
Enhancement of joint shear capacity Only ULS capacity

First, the effect of spear bolts on moment capacity is null for “closed” joints without bolt pre-
tightening due to the low stiffness of the bolt system. Second, their capability of resisting gasket forces
at longitudinal joints is minor and insufficient, being the lateral confinement of circumferential joints
the primary mechanism for keeping the gaskets closed. Third, spear bolts can prevent excessive initial
misalignments in longitudinal joints, but their shear resistance is only activated after the development
of substantial joint lipping. Fourth, the tensile resistance of spear bolts can limit residual deformations,
particularly around keystones, and mitigate the risk of corner chipping as a result of sequential

loading.

In summary, spear bolts have two main functions in current CSL configurations, either with or without
gasketed joints: (i) to be a physical constraint to longitudinal joint lipping during ring assembly; and
(if) to mitigate the risk of contact imperfections and corner chipping near the tail skin at the expense of

increasing the risk of localised cracking around the bolt pockets (Chen and Mo, 2009).

It stems from this study that a more cost-effective design of connectors may be possible and that
boltless CSLs could be adopted in favourable tunnelling conditions and appropriate lining
configurations with the benefit of removing bolt pockets in concrete segments and cutting costs.
However, the above decisions require a better understanding of the CSL behaviour near the tail skin

(see chapters 7 and 8).
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Chapter 4

3D numerical study on the long term response
of concrete segmental linings

4.1. Introduction

In general long term conditions, the uniform and deviatoric components of earth pressures around
deep tunnels cause the uniform compression and ovalisation of linings respectively (Muir-Wood,
1975; Curtis, 1976). The ovalisation of CSLs is accommodated through segment curvatures,
longitudinal joint rotations and, eventually, the flexural cracking of segments if the ovalisation loads
are sufficiently high (Blom, 2002; Luttikholt, 2007; Arnau, 2012). Unless heavily reinforced with
bolts or steel connectors, longitudinal joints in conventional CSLs are less stiff than the full cross

section of segments and therefore lining deformations tend to concentrate at joint positions.

In this chapter, the effect of longitudinal joint geometry on the long term response of CSLs is
investigated through FE solid models of ten tunnel rings based on the CTT design, provided with
either flat or curved longitudinal joints. A simplified ground modelling typical of conventional design
models (Duddeck and Erdmann, 1982) is adopted here and further research on this matter is left for

future endeavours.

First, past research on CSL global behaviour is reviewed and structural mechanisms outlined. Second,
the FE model and modelling strategy are thoroughly described. Third, the results of the parametric
study are presented and discussed, focusing first on the behaviour of isolated rings and later on the
mechanics of coupled rings. Closed-form solutions are used as reference models to provide a
comparative framework against current design. Finally, the scope of the use of flat and curved joints

applicable to this case study is defined with recommendations on the selection of joint geometry.

4.2. Background

A vast body of research has been devoted to the study of joint mechanical behaviour and the influence
of longitudinal joints on the global response of tunnel structures. It has been found over the years that
the importance of joint rotational capacity on lining performance depends on other factors, mainly the
degree of ground support provided, the magnitude of ovalisation loads applied and the possibility of
ring coupling (Blom, 2002; Luttikholt, 2007; Arnau, 2012).

Traditional structural design models based on plane strain solutions of a circular tunnel in elastic
ground represent the lining as a thin ring with uniform rigidity (Duddeck and Erdmann, 1982). A

review of these closed-form solutions evidenced that the correlation between lining and ground
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stiffness, given by compressibility, £, and bending stiffness, o, ratios, was a governing factor in lining

performance (Duddeck and Erdmann, 1982):

ER3
a=——"1 (4.2)
ECIR
EsRm
= 4.2
=5 (42)

where E;s is the ground Young’s modulus, Ry is the tunnel mean diameter, Ec is the concrete stiffness
and Ac and Ir are the cross-sectional area and moment of inertia of the tunnel. Duddeck and Erdmann
(1982) indicated that the typical values of o in constructed tunnels range between 5 and 200, from soft
to stiff ground relative to the lining, while no information was provided on the usual values of .

Stiffer grounds, relative to the tunnel structure, allowed for a greater redistribution of stresses within
the soil mass, and reduced the proportion of both uniform pressures and deviatoric stresses effectively
sustained by the lining (see Figure 4.1). The ratio « had a definite influence on peak moments and

radial displacements; $ governed the maximum hoop thrust.

a) Hoop forces for continuum model and tangential slip, b) Maximum bending moment as a function of a,
v=0.3 and K,=0.5 (Duddeck and Erdmann, 1982 Continuum model with v=0.3 (Duddeck and Erdmann, 1982
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Figure 4.1: Hoop forces and maximum bending moments of closed-formed solutions

The effect of longitudinal joints on continuous rings was introduced by Muir Wood (1975) through the

concept of smeared lining flexibility and his empirical formula on effective bending stiffness:

2
1 (4

=_—hp3|[— 43

Ir=13h (n]> +1 (4.3)

where h is the lining depth, n; the number of joints in a segmental ring and I, the longitudinal joint

stiffness.

The effect of flat longitudinal joints on the long term behaviour of ground-bedded isolated rings was

investigated by means of analytical and numerical methods by several authors:
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a) Do et al. (2013) conducted a parametric study to investigate the effects of joint stiffness, Es
and the lateral earth pressure coefficient at rest, Ko, on the lining behaviour of a shallow tunnel
by means of 2D finite difference (FD) models. The rotational stiffness of longitudinal joints
was approximated to a bilinear relation derived from the popular Janssen rotational model of
flat joints. Rotational stiffness ratios, i.e. joint stiffness relative to lining stiffness, of 1, 0.1 and
0.01 were examined for a range of Es comprised between 10MPa and 500MPa and a K,,=0.50.
Overall, radial displacements were mainly determined by ground stiffness, except for very soft
ground, and low rotational stiffness ratios produced minor increments in radial displacements.
A reduction in maximum hoop moments was observed with the softening of joints providing
that Es <200MPa, i.e. <100 for the equivalent continuous ring.

b) Blom (2002) examined the effect of flat joints on isolated rings in soft ground subjected to
increasing ovalisation. It was concluded that the non-linearity in joint behaviour increased
radial displacements slightly and that the maximum moment capacity of joints delimited peak
moments in rings subjected to high ovalisation ratios. Joints eventually failed by concrete
crushing, i.e. when the normal contact strains reached the ultimate limit strain of concrete, &,

at which point almost the entire ovalisation load was supported by the ground.

In watertight tunnels, ring linings with staggered joints are the norm in order to avoid excessive water
leakage through cruciform joints. Uncoupled rings, even subjected to equal earth pressures, deform
differently due to rotations of joints at staggered positions. Recent research confirmed that when there
is ring coupling through shear resistance of compressed packers or dowelled connectors placed at
circumferential joints, the rings adopt similar displacement profiles and the ring internal forces are

redistributed longitudinally:

a) Blom (2002) explored the effects of ring interaction on bedded linings through his analytical
model of two rolled rings with constant segment stiffness coupled by axial springs at
longitudinal joint positions. The reference value of coupling stiffness was validated against
full-scale tests of three rings subjected to serviceable loads, although the magnitude of

working longitudinal loads is unknown to the author.

It was found that ring coupling increased the overall stiffness of the tunnel structure leading to
a substantial rise in hoop moments, up to three times, but only minor reductions in ring
convergence. The moments were governed mainly by the coupling stiffness and, to a lesser

extent, by flat joint non-linearity, which implied a moderate decrease in ring stiffness.

From Blom’s investigation, two possible damage modes of bedded tunnels subjected to high
ovalisation loads were inferred: with high ring interaction, extreme peak moments within the
segment body may result in the flexural cracking of concrete; with low ring interaction,

excessive rotation of flat joints could lead to local joint damage by concrete crushing.
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b) These mechanisms were further examined by Luttikholt (2007) through full-scale tests of

three non-bedded rings subjected to high and low longitudinal loads so that, in the absence of
ground support, the structural response against ovalisation loads was magnified, which helped
to identify structural interactions.

In a tunnel section made of strongly coupled rings, the coupling forces originated by
disparities in deformed shapes of neighbouring rings resulted in the longitudinal migration of
hoop moments to the segment bodies of adjacent rings, predominantly at coupling positions
placed near longitudinal joints. When the moments were sufficiently large and the concrete
segments cracked at critical cross sections, the circumferential redistribution of hoop moments
within rings was greatly amplified. The circumferential moment distribution at low ovalisation

loads was not affected by the degree of coupling.

In tunnel sections subjected to low longitudinal loads, the coupling capacity of circumferential
joints was exhausted at small ovalisation loads, giving rise to partial slip between rings and
poor longitudinal redistribution of hoop moments. Large joint rotations were experienced prior

to failure without significant segment cracking.

Arnau (2012) investigated the structural response of an eleven ring CSL model with flat joints
subjected to a wide range of ovalisation ratios, ground stiffness and longitudinal loads.
Coupling effects on bending moments were only significant for tunnels with moderate or low
a subjected to high ovalisation. For example, at Es=75MPa, i.e. equivalent to a~100 for a
continuous ring, the ring interaction was effective for K,<0.50 while at Es=150MPa, a~200,
the range of influence was limited to Ko<0.3. At the worst combined conditions in the study,
with 0~33, the peak moments reached values of 180% higher than in isolated rings.

Arnau demonstrated that the rotational stiffness of longitudinal joints was an important factor
in the development of coupling moments. However, the progressive cracking of segments
attenuated the ring interaction, and decreased the peak moments, as the bending stiffness of

the cracked sections and the flat joints approached (Luttikholt, 2007).

4.3. Description of numerical simulations

An adequate modelling strategy should enable the comparative analysis of long term lining behaviour
with different joint geometries. A thorough examination of the lining response demands the use of
models focused on the tunnel structure, from which important indicators such as ring convergence,
joint rotations and gasket openings, lining forces and ring misalignments can be derived. Bedded

models are especially suited for the assessment of CSLs subjected to multiple load combinations.

The hyperstatic reaction method simulates the ground-structure interaction by means of both external

loads applied onto the lining structure and Winkler springs acting as ground supports when the tunnel
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deforms. Its main limitation is that the active and passive actions of the ground are uncoupled and
disconnected from stress and deformational fields, which means that the selection of parameters to
characterise the ground-structure interaction must be made with a certain degree of uncertainty.
Analytical bedded models represent the lining structure in a simplified manner, as isolated or groups
of 1D rings made of beam elements interconnected by springs (Duddeck and Erdmann,1982; Blom,
2002). Bedded numerical models are more versatile and allow for a detailed depiction of the tunnel

structure if required.

Accordingly, this parametric study is based on FE analyses of ten bedded ring models performed with
ABAQUS/Standard. Segments and packers at circumferential joints are simulated via solid elements
with hard contact interactions established at structural interfaces. With this approach, the modelling
priority is given to joints which are replicated with high precision. Dowels are modelled by means of

group springs and temporary spear bolts are excluded.

Contact interactions numerically entail the introduction of severe nonlinearities in the analyses
(ABAQUS, 2012). Plastic and cracking features of concrete behaviour must be sacrificed to make the
simulations viable, and a linear elastic concrete model is adopted. However, it could be even argued
whether concrete plasticity and cracking are deemed necessary in a comparative study of lining global
response with different joint geometries. At serviceable loads, (i) the flexural cracking of segments
should be of secondary importance in the prediction of radial deformation and internal forces, as
exemplified by Blom’s investigation (2002) based on full-scale tests of three rings instantaneously
loaded to serviceable levels; (ii) the plasticity experienced by joints has a negligible effect on joint
rotational behaviour (see chapter 2); and (iii) the local bursting in the vicinity of joints is irrelevant at a

global scale and could be predicted through the NR diagrams developed in chapter 2 if desired.

4.3.1. Input parameters and element types
The geometry and material properties of the lining were based on the CTT tunnel (see Figure 1.1,
Table 2.2 and Table 4.1). The CTT 6.2m internal diameter (ID) lining was made of tapered universal

rings with seven segments and a keystone.

The parametric study focuses on the long term CSL behaviour under soft ground conditions, i.e. when
the CSLs yield at least moderate values of a, given that the effect of joint rotational stiffness in hard
ground, or high a, is expected to be negligible (Arnau, 2012). For the CTT lining configuration, a
Es=50MPa results in =65 and a=160 for curved and flat jointed rings using Eq. 4.3 and it is deemed
to represent the soft ground condition. When Es approximates the stiffness of chalk, 163MPa, « far
exceeds the value of 200 for both CSL types. Nevertheless, numerical analyses for this hard ground
condition were performed to validate Arnau’s (2012) conclusion, particularly in regard to curved
jointed CSLs.
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Table 4.1: Material properties

Material property Value
. Soft ground 50
Modulus of elasticity [MPa] Hard ground (Chalk) 16274
Poisson ratio [-] 0.2
Concrete Young’s modulus [GPa] 38 (see chapter 5)
Packer Young’s modulus [MPa] 100
Packer-concrete friction coefficient [-] 0.4
Dowel properties [-] See section 4.3.1.2

The segments and packers were modelled with first-order hexahedral elements with reduced
integration; dowels with two-node springs acting in a fixed direction and the ground-structure
interaction with one-node springs between node and ground acting in fixed directions (ABAQUS,
2012). The element types are listed in Table 4.2.

Table 4.2: Element types

Feature Element type

Segment C3D8R

Packer C3D8R

Dowels SPRING2

Ground-structure interaction —~0la! SPRING1
Tangential SPRING1

4.3.2. Input loading
Uniform and ovalisation loads were inferred following Blom’s third approach on long term normal
load cases for bedded models, which ignores floating effects (Blom, 2002). The impact of the CSL

selfweight on a substantially radially compressed tunnel is negligible and it was excluded.

Table 4.3 shows the assumed primary vertical pressures at the springline of the CTT instrumented
rings and the vertical pressures adopted for the FE analysis. The latter is based on the CAM3/CAMA4
water pressures and the 300kPa total crown pressures obtained from hoop strain measurements sensed

24h after ring erection and which are near the primary in situ stresses (see chapter 5).

Table 4.3: Earth and water pressures at springline

CAM1 CAM2 CAM3/CAM4 FE model

Total vertical pressure o, [kPa] 363.3 3385 345.9 300.0
Water pressure p ,, [kPa] 2541 2717 183.0 180.0
Effective vertical pressure ¢’ [kPa] 109.2  86.7 162.9 120.0
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In the FE simulations, K, decreased from 1.00 to 0.00 with the progress of ovalisation loads. The

mathematical expression of the radial, o;’, and tangential, o¢’, earth pressure components input as

external loads is: lo’v
1+ K Ky,—1 4.4
oy = a;( 5 0 02 cos 29) o, (4.4)
K,—1
ol = U,Q( ® sin 29) (45)

The uniform longitudinal loads ranged from Obar/ram to 200bar/ram.

4.3.3. Simulation steps

Table 4.4 describes the loading and boundary conditions of each simulation step. At the first step, the
contact interactions were initialised with the application of 1kPa ram pressures and restraint
displacements at the outer CSL boundaries. The total ram loads were applied in step 2 with full
constraints at the opposite side. In step 3, the ring plane fixities were replaced with spring supports and
the uniform radial compression was applied at the lining extrados. In the final steps, the ovalisation
loads were introduced gradually with constant vertical effective stress at the vertical axis and Ko
variable from 1.00 to 0.00.
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Table 4.4: Modelling steps

Step Loading and boundary conditions
F123 1kPa
| l
'me
2 Crio o Lot | 12 e | ne | oa L | 22 Lo
Puater=180kPa
3
o’,=120kPa
Puare~180kPa
LI L L L L L
4t07
o’,not represented for clarity
1 = Radial direction T Fixed condition (F)
2 = Tangential direction ~ Spring support (S)

3 = Longitudinal direction
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4.3.4. Joint modelling
4.3.4.1. Longitudinal joints

A preliminary study on joint modelling at a local scale was conducted to optimise the accuracy and the
convergence of the global lining models (see Figure 4.2). The joints were modelled through the
geometry of joint surfaces and the definition of contact pairs between adjoining surfaces. The contact

surfaces covered the joint height.

4.3.4.1.1. Curved joints

ABAQUS offers two types of contact discretisation: node to surface, where each slave node interacts
with its normal projection on the master surface; and surface to surface, where contact constraints are
imposed on regions of the slave surface instead of slave nodes. The advantage of surface to surface
over node to surface discretisation for contact pairs with well-defined surfaces is generally accepted
(ABAQUS, 2012). Surface to surface discretisation tends to provide more accurate and smoother
stress fields as penetrations are resisted over finite surface regions rather than by nodes, especially for
coarse meshes (ABAQUS, 2012). In this study, however, the primary criterion for selection of contact
discretisation was the accuracy in rotational behaviour delivered by the contact pair, with precision in
contact stresses being of secondary importance.

The performance of both discretisation techniques was investigated through local models of curved
joints with detailed geometry and very refined meshes (see Figure 4.2.a). Figure 4.2.b shows an
example of the MR curves obtained with surface to surface and node to surface formulations against
the Hertzian-based expression (see chapter 2). Overall, both modalities followed the analytical
solution, although there was a greater tendency to staggered behaviour with surface to surface
discretisation as a result of an uneven transition in effective contact with rotation. The staggering
became noticeable also in node to surface contact pairs at very low values of applied normal load. At
serviceable normal forces and rotations, the node to surface contact discretisation replicated better the
rotational behaviour of curved joints. Figure 4.2.b also shows that the finite sliding node to surface

contact pairs were insensitive to master surface smoothing.

The efficiency of the numerical simulations in large tunnel models was enhanced through the
simplification of the joint geometry and the mesh optimisation, envisaged as a trade-off between
accuracy in rotational behaviour and available computer capabilities (see Figures 4.2.a and 4.2.c). The
MR curves obtained for model 3, characterised by the local geometry and mesh deployed in the global
models, verified that the deviations in K, from the theoretical solution were small and within the
allowance defined by the reference model, model 1. The adopted element depths (along the joint

depth) were within the order of magnitude of the element size in reference models.
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42111, Flat joints

The same optimisation procedure was implemented in joints with flat bearing surfaces with a similar
outcome in geometry and mesh optimisation.
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a) Optimisation of curved joint models b) Effect of contact discretisation on MR curves
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Figure 4.2: Optimisation of longitudinal joint modelling
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4.3.4.2. Circumferential joints
The CTT circumferential joints were flat joints equipped with plywood packers and dowels. Packers
are small sheets made of relatively soft material aligned with the circumferential position of TBM
rams (see Figure 1.1). Their primary function is to distribute longitudinal forces roughly uniformly
over the packer surface to minimise stress concentration in concrete segments, particularly if these are

subjected to contact imperfections (Cavalaro, 2009).

Gijsbers and Hordijk (1997) conducted experimental short-term shear tests on flat joints equipped
with packers. They found that plywood packers were able to transfer significant shear with peak
friction coefficients varying from 0.4 to 0.7 with decreasing normal load, and declining up to 75% of
these maximum values with increasing deformation. In the solid model, one side of the packers was
tied to the circumferential face of an adjacent ring. A surface to surface contact interaction between
packers and ring with friction equal to 0.4 was defined on the other packer side.

In the CTT, lock-in dowels were installed between standard rings whilst shear dowels were used near
cross passages. In the numerical study, the dowels were simulated by radial and tangential linear
elastic nine spring groups circumscribed to the dowel perimeter. Numerical simulations were
conducted for two non-linear spring stiffnesses: one with stiffness equal to that of the Anixter CTT
dowel (see Figure 4.3) and another with doubled stiffness. The pull-out resistance of dowels is
irrelevant when rings are longitudinally compressed along their entire circumference; hence, it was

excluded from the models.

Load (kN)
180
160 - 4z 150 154
140 - 128 =

120
120 - 109

100 - o
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1,8 3 54 7,3 106 11,5 12,2 12,8 13,5 14 14,8
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Figure 4.3: Anixter-Sofrasar lock-in dowel Sof-Fix Anix 60: Shear test (after Anixter, 2014)
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4.3. Description of numerical simulations

4.3.5. Modelling ground-structure interaction
In the hyperstatic reaction method, the bedding support of the ground is modelled through normal
springs with a stiffness, k., deemed representative of the modulus of subgrade reaction. The most
extended formulation is computed from a circular cavity expansion model in elastic ground subjected
to uniform radial pressure (Kolymbas, 2005), which is adopted here:
Es

TR +uy)
where E; and vs are the modulus of elasticity and Poisson’s ratio of the ground. Further refinements on

k, (4.6)
normal spring stiffness, such as bilinear curves derived from the Mohr-Coulomb failure criterion for
soils, are gquestionable since the ground-structure interaction in bedded structural models is inherently

simulated with certain arbitrariness (Kolymbas, 2005).

Since in the CTT, the tunnel overburden H is less than 3D, being D the tunnel diameter, (see chapter 5,
p.84) “a model without reduction of ground pressure at crown (...) may be appropriate” (Duddeck and
Erdmann, 1982), and thus compressive-only springs are used in this study. Further discussion is
beyond the scope of this research work.

The importance of the tangential interaction at the ground-structure interface had already been
acknowledged by Curtis (1976). He demonstrated that the transmission of shear stresses at this
interface increased the ground radial deformations and, consequently, hoop bending moments in the

lining were very much reduced.

In 2D elastic continuum closed-form solutions, full slip and full bond limited by shear strength can be

considered at the interface. Full shear interaction is recommended as best practice to avoid overdesign.

In bedded models, the tangential interaction between the ground and the lining is determined by the
stiffness of the tangential springs and the applied tangential loads. In full slip conditions, neither
tangential springs nor loads are applied. In full bond, it is widely accepted that the tangential spring
stiffness is one third of the radial compressive spring stiffness (USACE, 1997). Arnau (2012)
confirmed that such a value led to the best fit of his beam spring model to in situ loading tests of a ring

embedded in hard ground and experiencing arch behaviour when point loaded at the crown.

4.3.5.1. CTT full bond condition
The ability of the ground-structure interface to transfer shear stresses depends mainly on the
construction procedures and ground properties. The full bond condition should imply no shear sliding

at both grout-lining and ground-grout interfaces, and no shear failure within the grout layer.

The CTT geotechnical investigations revealed that the unconfined compressive strength, Sy, of chalk at
the tunnel depth of the monitored rings was in the order of 1MPa (Crossrail, 2014). Since the S, of dry
intact chalk is about twice that of saturated chalk (Lord et al., 2002), the Sy of chalk under the Thames
river bed may be around 0.5MPa. Considering the CIRIA’s diagram on shear strength of sawtooth
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interfaces between machine—cut intact chalk and in situ concrete (Lord et al., 2002) and the CTT in
situ dry density of about 1.6Mg/m?, the shear strength of the ground-grout interface after grout
hardening may be around 630kPa, not far from the S, in saturated chalk.

Moreover, the failure envelope computed from drained compressive triaxial tests may imply that for
an in situ mean effective pressure of about 200kPa, similar to that experienced at relevant tunnel
depths, the effective strength of chalk is 115kPa, which is in the order of the S, developed in BGs 1h
after injection. Although the 1h compressive strength of grout was not measured in the CTT, BGs can
reach 1h strengths of 250kPa (Hashimoto, 2006), again not dissimilar from the S, of saturated chalk.
Besides, the 24h compressive strength of CTT grout fluctuated around 1MPa, which is definitely

greater than the S, of saturated chalk.

Given that the duration of a typical TBM advance during the CTT tunnel drive was around 1h and the
comparable strengths of 1h old grout and chalk, a strong bond between the grout and the ground is
deemed very likely. Consequently, the full bond condition can be assumed and the tangential

component of ground action and reaction, ki, is included in these models.

4.4. Results

The results are generally extracted from R6 (see Table 4.3), unless otherwise stated, in order to avoid
edge effects of model boundaries in coupled rings. Positive moments imply tensile and compressive

strain increments at the lining extrados and intrados respectively.

The results are compared when relevant with the outcome of the continuum model 1 (CM) presented
by Duddeck and Erdmann (1982) (see Figure 4.1), applied with and without reduced lining flexibility

in accordance with Eq. 4.3.

4.4.1. Isolated rings

4.4.1.1. Ring deformation and joint rotations
In this study, the deformation of isolated rings is governed by segment curvatures and the rotation of
longitudinal joints, as segment cracking was excluded from the analyses. Figure 4.4 presents an
example of radial displacements. Since the segment deflection caused by the same ovalisation loads
must be equal in both ring types regardless of joint stiffness (Blom, 2002), the deformed shape of flat
and curved jointed rings is analogous, although the contribution of joint rotations to radial

displacements is more prominent in rings with curved joints.
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a) Flat jointed RG Radial displacements [mim] b} Curved jointed R6 Radial displacements [mm]
Ram load=0bar Ram load=0bar

Ko=1.00
Ko=0.75
Ko=0.50 E™
Ko=0.25
Ko=0.00

Figure 4.4: Radial displacements in an isolated ring

In a squatted continuous ring, the maximum hoop moments develop at the symmetry axes of the
deviatoric pressure (Curtis, 1976). When longitudinal joints are placed near the vertical axis, i.e. crown
or invert, the joint rotations induced by the transfer of peak moments are amplified (see Figure 4.5.a).
Vertical convergence is greatest in rings with joints situated both at the crown and the invert (see
Figure 4.5.b).

The maximum vertical convergence in hinged rings, about 40mm at K,=0, roughly doubles that of flat
jointed rings, about 20mm. Arnau (2012) noted that the moment capacity of crown joints in isolated
rings becomes fully utilised from a certain ovalisation ratio threshold, given by Es and Ks. Since the
stiffness of curved joints is negligible at serviceable rotations, these are free to rotate even for low
ovalisation loads, and ring deformations are only prevented by lateral ground support. Conversely,
compressed flat joints can undertake substantial moments at low rotations and therefore increase the
ring bending stiffness. Consequently, joint rotations and radial displacements at the vertical axis of

hinged rings are significantly larger and more sensitive to ring rolling.

At the spring line, the ring partially relies on the passive bedding of the ground for equilibrium. The
horizontal convergence is thus dictated by the ground stiffness. The position of joints or the joint

stiffness has a minor influence on the ring response (see Figure 4.5.c).
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a) Description of rings b) Vertical convergence
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Figure 4.5: Convergence in isolated rings

Figures 4.6.a and 4.6.b illustrate the maximum inward and outward rotations of rings with flat and
curved joints. The peak inward rotations take place at the joint closest to the vertical axis, and

maximum outward rotations at the adjacent shoulder or knee.

When K¢>0.75, all flat joints are fully closed and joint rotations, radial displacements and ring
convergence follow a linear pattern. At Ko=0.75, some joints begin to open, entering the non-linear
branch of their rotational capacity curve. This progressive joint softening increases radial

displacements (see Figure 4.4).

Isolated rings with curved joints present an almost perfectly linear behaviour for the full range of Ko,
resembling their MR curves at serviceable rotations. Minor deviations may be caused by keystones

with flat faces.

Overall, peak rotations are much larger in curved than flat joints. For example, when Ko=0, inward
rotations are about 0.015rad and 0.0045rad in curved and flat joints respectively. Outward rotations

are smaller but curved joints still rotate almost double than flat joints, 0.0075rad against 0.0035rad.
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Despite this, the magnitude of gasket openings for both ring types is quite comparable, e.g. 0.5mm in
flat joints as opposed to 0.7mm in curved joints at Ko=0 (see Figure 4.6.c), given that the distance
between the gasket and the joint neutral axis is smaller in curved than in flat joints (see chapter 2).
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Figure 4.6: Joint behaviour in isolated rings

4.4.1.2. Lining forces

Figures 4.7.a and 4.7.b show that the maximum hoop moments occur within the segment bodies
regardless of joint type. The moment capacity of curved joints is extremely low and, even for small
ovalisation loads, the moment distribution is conditioned by the position of joints. Moments within the
segments are only due to their own deflection and are therefore small, up to -40kNm/m. In flat jointed
rings, the hoop moments depend on the ring rolling so that the rings with segments crossing the
vertical axis experience peak values of -100kNm/m as opposed to -70kNm/m (see Figure 4.7.c).

Given the low bending moments experienced by the isolated curved jointed rings, the whole structure
works almost in pure compression for the range of Ko examined. Conversely, with flat joints, peak
tensile stresses invariably arise at the intrados of sections crossing the vertical axis and, like negative
moments, are highly dependent on ring rolling. Again, segments centred with the vertical axis reach
peak tensile strains of 3.5MPa.
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a) Flat jointed RG6 Hoop moments [KNm/m] h) Curved jointed RG6 Hoop moments [KNm/m]
Ram load=0bar Ram load=0bar
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Figure 4.7: Internal forces in isolated rings

4.4.1.3. Ring misalignment
Ring misalignments are the result of disparities in the deformation of adjacent rings with different
rolling (see Figure 4.5.a). Since the deformation mode of curved and flat jointed rings is analogous,
ring misalignment profiles present similar patterns for both joint types. Maximum misalignments
occur at the position of joints closer to the vertical axis where radial displacements are largest and
sensitive to joint position. When joints and segment centres crossing the vertical axis are alternated,
then peak misalignments reach their highest values (see Figure 4.8.a). The magnitude of lipping in
circumferential joints is by far greater in curved jointed rings: whilst peak misalignments in flat
jointed rings reach 3.5mm at K,=0 with the most onerous joint staggering, in curved jointed rings these

approach 11mm.
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4.4.1.4. Comparison with continuum model
The CM, even when applied with a smeared lining stiffness, tends to underestimate the convergence of
jointed rings with low joint stiffness, i.e. curved joints or open flat joints (see Figure 4.5). The

discrepancies are greater at the vertical axis.

Hoop moments are predicted well by the CM in curved jointed rings outside the influence zone of
keystones and in flat jointed rings as long as the joints are not substantially opened, i.e. until K¢=0.50

(see Figure 4.7). In the former case, the continuous ring is modelled with the smeared lining stiffness.

4.4.2. Coupled rings

4.4.2.1. Coupling mechanism
The analyses confirm that the ring interaction entails the longitudinal migration of hoop forces and
moments through coupling forces developed at circumferential joints. Coupling forces are shear forces
concentrated at the position of packers and dowelled connectors, activated by, and opposing to,
differential deformation between rings (see Figure 4.8.d). Ring misalignment, originated by the
rotation of staggered joints, is prevented by pairs of radial coupling forces acting on adjacent rings in
opposite directions.

The magnitude of radial coupling forces follows the pattern of misalignment between uncoupled rings
(see Figures 4.8.a and 4.8.b). Peak values take place at those packers, or dowels, closer to crown or
invert joints of a neighbouring ring. Consequently, the segments bend unevenly, exhibiting high
concentration of lateral hoop moments where the peak coupling forces align with the overall ring
deflection, i.e. for a squatted ring, inward and outward coupling forces at vertical axis and springline

respectively.

The moments smoothen progressively towards the segment centreline as the effect of the coupling
forces declines with distance. The peak moments are therefore experienced at the long sides of the

segments.

When the joints of the neighbouring rings near the symmetry axes are alternated, the radial coupling
forces at each ring side share the same distribution. However, if the adjacent joints adopt different
positions, the distribution of coupling forces at each side may be different, which can induce torsion in

the segments.

The ring interaction also influences the distribution of hoop compression through the development of
tangential coupling forces at packers and connectors (see Figures 4.8.c and 4.8.d). For example, in a
squatting tunnel, when the crown segment of a ring centred with the vertical axis cannot match the
inward displacements of a neighbouring joint near the vertical axis, tangential lipping occurs at the

circumferential joint. Similar to the mechanics of a guiding rod, the packers or connectors in the
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misaligned region transfer tensile hoop stresses to the deflected segment , which decreases its total
hoop compression.

a) Curved jointed R5-R6 Misalignment [mm] b} Curved jointed R6 Hoop moments [KNmim]
Ram load=0bar Ram load=200bar

Ko=1.00 ~

Ko=0.75
Ko=0.50
Ko=0.25
K0=0.00

c) Curved jointed R6 Hoop force [KN/m]
Ram load=200bar

Guiding rod
analogy

F,
Segment centred  F; 1

with vertical axis . <:| |:> Guiding rod

Joint near . . analogy
vertical axis in 77—

adjacent ring .« M ™

F, = Normal coupling force

F;= Tangential coupling force

Figure 4.8: Coupling mechanism under ovalisation loads
4.4.2.2. Ring deformation

With robust coupling, the vertical and horizontal convergence reach similar values for both joint types
(see Figure 4.9). In linings with curved longitudinal joints, the ring interaction can halve the vertical

convergence, e.g. at Ko=0, it falls from 37mm to 20mm. Small longitudinal loads, up to 50bar/ram, are
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able to produce significant reductions in vertical convergence, 75% of the total. The dowels are most
active in the absence of ring interaction through packers, e.g. they can decrease the vertical
convergence by 20% at null longitudinal loads. However, their action becomes negligible for
longitudinal loads greater than 25bar/ram.

In flat jointed rings, the reduction in vertical convergence is minor, up to 25% from 22mm to 16mm,
with the strongest ring interaction. The horizontal convergence is barely sensitive to ring coupling,
particularly for flat joints. The action of dowels is in this case negligible.
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Figure 4.9: Coupled rings-Vertical convergence

4.4.2.3. Joint rotations
The maximum inward rotations of curved joints closest to the vertical axis are dramatically reduced
with ring coupling (see Figure 4.10). At Ko=0, peak rotations decrease from 0.014rad to 0.0045rad
when the longitudinal loads rise up to 200bar/ram. The benefits of ring interaction are more notable at
low longitudinal loads but are still visible when these are further increased, e.g. from 100bar/ram to

200bar/ram and Ko=0, joint rotations become 0.001rad smaller. Conversely, dowels are only effective
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against joint rotations for longitudinal loads up to 25bar/ram and at null packer compression can
reduce total rotations by 70%.

With flat joints, the inward rotations are already small, i.e. the maximum peak value is 0.0045rad, and
improvements caused by ring interaction are modest, reaching a plateau at longitudinal loads in the
order of 50bar/ram. The effect of dowels on joint rotations in linings with flat jointed rings is
negligible.

The same trends are observed for outward joint rotations, although total rotations are significantly
smaller, 0.0075rad and 0.0035rad for curved and flat joints respectively. Despite curved joints roughly
doubling the rotations of flat joints, again the magnitude of gasket opening is similar for both joint
geometries, especially when ring coupling is involved.
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Figure 4.10: Coupled rings-Joint rotations
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4.4.2.4. Ring misalignment

Ring coupling is extremely effective in limiting lipping at circumferential joints (see Figure 4.11).
Rings subjected to high longitudinal loads experience ring misalignments in the order of 1mm for
curved joints and 0.5mm for flat joints, which roughly correspond to a reduction factor of six against
uncoupled rings. At low longitudinal compression, tunnels with curved joints can benefit substantially
from the use of dowels, although joint lipping between rings subjected to high ovalisation loads can
still be significant, i.e. 3mm for the most onerous conditions. In linings with flat joints, the uncoupled
rings deform quite similarly due to the limited rotations experienced by longitudinal joints. In this
case, the action of dowels is almost negligible even at null longitudinal loads.
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Figure 4.11: Coupled rings-Ring misalignment
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4.4.2.5. Lining forces
In tunnel linings with curved longitudinal joints, the hoop moments are clearly governed by ring
interaction given the limited moments developed in isolated rings. Figure 4.12.a shows that the -
40kNm/m peak moments at the centreline of uncoupled rings with curved joints at maximum
ovalisation are magnified to values in the order of -150kN/m when the longitudinal loads are
200bar/ram.

In flat jointed rings, the coupling forces also produce a significant increase in peak hoop moments, for
example from roughly -70kNm/m to -140kNm/m at Ko=0 (see Figure 4.12.b). At about 100bar/ram,
the hoop moments reach a plateau denoting that ring interaction is fully developed.

Figures 4.12.c and 4.12.d present the peak hoop moments as a function of ovalisation. As explained in
section 4.4.1, when flat jointed rings are uncoupled, the peak moments grow linearly with ovalisation
until the joints open and the moments flatten. Ring coupling leads to a more uniform deformation of
rings with staggered joints, which delays the opening of the flat joints.

The hoop moments increase progressively with ring coupling and reach an upper bound limit where
the coupling capacity is fully utilised and the slipping of compressed packers becomes negligible. The
system stiffness in fully coupled rings, i.e. with infinite longitudinal compression, remains constant.
Like in the CM (see section 4.4.1.2), the upper bound limit is linearly proportional to the deviatoric
pressures, (1-Ko), with a constant of proportionality that depends on ground conditions and the lining

flexibility ratio a.

However, given the uneven distribution of bending stiffness within the CSLs, the moment envelope
allows for peak moments greater than in the CM. The greater the disparities in stiffness amongst lining
parts, the more dramatic the variations in hoop moments within the structure, and the higher the peak

moments experienced.

The bending stiffness of closed flat joints is quite comparable to that of the lining cross section and
hence the hoop moment envelope is not distant from the CM moments. Curved joints subjected to
serviceable hoop compression are effectively hinges with null bending stiffness and demand for strong
ring interactions to reach the upper limit state. Consequently, allowable peak moments in strongly

coupled rings with curved joints are higher and the hoop moment envelope becomes wider.

The effect of dowels on hoop moments is only significant for longitudinal loads up to 25bar/ram in
curved jointed rings (see Figures 4.12.a and 4.12.b). With dowelled connectors, the curve of maximum
negative moments becomes of similar magnitude for rings with different joint type. Doubling the shear

stiffness of dowels leads only to a minor improvement in ring interaction.

Maximum hoop tensile stresses take place at the intrados of those sections with peak negative

moments, i.e. in crown or invert segments. Peak tensile stresses developed in strongly coupled rings
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are hardly affected by joint geometry. For example, at the greatest ovalisation and longitudinal loads,
tensile stresses at segment centreline are 8.4MPa and 7.3MPa for curved and flat jointed CSLs
respectively. Tensile stresses at segment sides are influenced by the spalling stresses near packers
which leads to tensile stresses of about 11MPa in both CSL types.

a) Flat jointed CSL b) Curved jointed CSL
-E- 150 'E 150
£ £
S 100 S 100
= =
o 50 v 50
£ t
$ 0 $ 0
g -50 g -50
: :
2-100 ; £-100
Ko=0.00
g-150 1 —o—csL without dowels = 5'150 —O— CSL without dowels
£ --0--CSL with dowels E --o-- CSL with dowels
m—ZOO T T ﬁ-ZOO T T
2 0 50 100 150 200 250 = 0 50 100 150 200 250
Ram load [bar] Ram load [bar]
c) Flat jointed CSL d) Curved jointed CSL
€ 150 ‘e 150
£ £
g 100 g 100
g g
asa 50 E 50
Q s
£ 0 g 0
g g
5 0 g -0
£ £
£ 100 5 £ -100
£ €
3 -150 ¥ g -150
2 500 025 050 075  1.00 000 025 050 075  1.00
_e—0Obar K°—[o-]—12.5bar -@-0bar —DQ—-12.5bar
—@-25bar —o-50bar -@-25bar —0-50bar
—o-100bar —o-200bar -O-100bar ) -0-200bar o
—— CM-Continuous CSL —CM-Flat jointed CSL —CM-Continuous CSL ——CM-Curved jointed CSL

Figure 4.12: Coupled rings-Hoop moments at centreline

4.4.2.6. Comparison with continuum model

The ring interaction brings ring deformations closer to the CM predictions calculated with reduced

lining stiffness (see Figure 4.9) at the expense of increasing the hoop moments (see Figure 4.12).

Given the linear correlation of hoop moments in both the CM and infinitely coupled CSLs with
(1-Ko), a CSL stiffness factor, fcsi, can be defined as the ratio between CSL moment limits, Mcst, and

CM maximum moments in continuous linings, Mcwm, subjected to the same ground conditions:
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_ Mgy, 4.7

which is independent from K.

Figure 4.13 shows the evolution of fcs. with the initial joint rotational stiffness ratio or the initial ring
bending stiffness in soft and hard ground. In soft ground, the fcs. is the greatest at joint rotational
stiffness ratios close to zero, i.e. fcs.=1.30 and fcs.=1.73 at the ring centreline and sides respectively,
and decays rapidly as the joint stiffness grows. In hard ground, the fcs. exhibit higher peak values that
decline gradually with stiffer joints. However, in this case the CM moments are small and therefore

Mcs is still minor.

It is also evidenced that, in CSLs with soft longitudinal joints, Mcs. at the ring sides can exceed by far

those at the centreline, revealing that flexural concrete cracking will tend to initiate laterally.
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Figure 4.13: fcsi in soft and hard ground

4.5. Global performance of CSLs with different joint geometry

The parametric study enabled the identification of domains indicative of CSL global performance in
the longitudinal load-ovalisation (LLKo) space (see Figure 4.14). It follows from previous sections that

the key indicators are lateral flexural cracking of segment bodies and ring misalignment.

Curved jointed CSLs may not be recommendable in watertight tunnels excavated in soft ground
subjected to high ovalisation and small longitudinal loads, particularly if the gasket tolerance to ring
misalignment is very low. The initial longitudinal pre-stressing of CSLs relaxes with time (see chapter
6), which can aggravate water leakage at circumferential joints. The provision of shear dowels can

expand the scope of use of curved jointed CSLs to less favourable long term conditions.
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The flexural tensile stresses of segments delimit the usability of CSLs subjected to high ovalisation
and high longitudinal loads, the latter load being representative of short term conditions. Limit curves
of both flat and curved jointed CSLs are similar, particularly when f is low. Curved joints may be
more advantageous in soft ground CSLs with fi>7MPa when subjected to high ovalisation and

medium longitudinal loads, as long as the tunnel remains watertight.

In hard ground conditions, both joint geometries are suitable for the full range of long term general

conditions examined, with only minor ring misalignment restrictions in curved jointed CSLs when

there is no ring interaction.
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Figure 4.14: Global performance of CSLs with different joint geometry

4.6. Conclusions

a) lsolated rings:

The geometry of longitudinal joints has an impact on the structural behaviour of isolated rings, i.e.
ring deformation, lining forces and ring misalignment. The most relevant aspects in lining
performance to ensure a competent and durable structure are the integrity of the segment body and
watertightness. From a global perspective, the study of the isolated rings’ structural response working
under a wide range of ovalisation loads has revealed that, of all indicators representative of lining
performance in the long term, flexural tensile stresses (or strains) and ring misalignment are the most
affected by joint geometry. Although the vertical ring convergence is also influenced by the moment
capacity of joints, it is assumed that it might be of importance only for tunnels with specific functions,

such as railway tunnels, so they are omitted from the assessment.
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Curved jointed rings have the advantage of dramatically reducing flexural tensile stresses in segments,
but ring misalignments can become prohibitive when subjected to high ovalisation. Conversely, the
main concern regarding isolated rings with flat joints working under high ovalisation loads lies on the

flexural cracking of concrete segments.

The ring rolling of isolated rings where crown or invert segments are centred at the vertical axis yields
the greatest negative moments in segments, particularly in flat jointed rings. Squatted rings with
alternating segments centred with the vertical axis and joints near the vertical axis lead to peak ring

misalignments.

The CM solution underestimates ring convergence and gives a good estimation of maximum hoop
moments for flat jointed rings without substantial joint opening and for curved jointed rings, in the

latter case when applied with the smeared lining stiffness.
b) Coupled rings:

Vertical convergence, joint rotations and ring misalignment of curved jointed CSLs are very sensitive
to ring coupling through either compressed packers or dowels, particularly when subjected to high

ovalisation loads. In flat jointed rings, the impact of effective ring interaction is much lower.

In both curved and flat jointed CSLs, the vertical convergence approaches the CM predictions with
ring coupling. The upper limit of CSL hoop moments at infinite ring coupling is linearly correlated
with the CM peak moments through a CSL stiffness factor fcs. that is independent from K,. The fcs is
the greatest for the ring sides of curved jointed CSLs and is inversely related to the longitudinal joint

stiffness.

At low longitudinal loads up to 25bar/ram, curved jointed CSLs can benefit significantly from the
shear reaction of dowels. However, ring misalignments may still remain excessive depending on the
required degree of watertightness. The reduction in lipping of circumferential joints is not linear with

dowel shear stiffness.
c) Scope of use of joint geometries:

The selection of joint geometry has an impact on the risk of excessive ring misalignments and flexural

cracking in CSLs excavated in soft ground. i.e. tunnel systems with at least moderate a.

Overall, the CTT study revealed that curved joints may undermine long term watertightness of soft
ground tunnels subjected to high ovalisation loads. Dowels can expand the use of curved joints to
somewhat less favourable long term conditions. Flat jointed CSLs in soft ground subjected to high

ovalisation loads may require the use of concrete with high f..
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Chapter 5
Thames tunnel SHM deployment study

5.1. Introduction

The CTT SHM system installed by Cambridge University in collaboration with Crossrail Ltd and
Hochtief Ltd was first conceived as a research tool to gather CSL field monitoring data at the CTT. The
CTT field trials were conducted in consecutive phases for about a year starting in November 2013. The
purpose and objectives were refined and expanded throughout all the monitoring project stages, from
planning through installation to interpretation of the sensed data.

The CTT monitoring project was regarded by the University of Cambridge and Centre for Smart
Infrastructure and Construction (CSIC) as a research opportunity to test BOTDR distributed strain
sensing with embedded fibre optic (FO) sensors in CSL tunnel monitoring. FO SHM methods have
emerged in the last few decades and many research efforts have been made to develop their practical
use in geotechnical applications (CSIC, 2016). This monitoring project belongs to a suite of case studies

which showcase the DFOS capabilities and develop solutions for in situ deployments.

The CTT field trials were also part of a research project with the intent to investigate in situ CSL
behaviour, and as such, it was designed to produce field monitoring data on ring deformations in a CSL
tunnel subjected to different conditions: (i) mechanised tunnelling with simultaneous backfilling; (ii)
short term action of permeable chalk with tidal fluctuations in water level; and (iii) construction of

adjacent cross passages.

Webb et al. (2015) proposed a system categorisation for SHM deployments drawn on their ultimate
purpose, where superior categories might provide greater benefit at the expense of higher complexity in
producing valuable information. Following Webb’s classification system and the objectives fulfilled in
this research work, the CTT deployment falls within (i) Category 2-Sensor deployment studies and (ii)
Category 3-Model validation, and provides examples of (iii) Category 5-Damage detection.

In this chapter, the CTT SHM deployment study is explained, the field data processing methods specific
to CSL are discussed and the strain sensing techniques evaluated. First, the non-conventional monitoring
technologies deployed are described. Second, the original proposal inherited by the author is
summarised. Third, the CTT SHM system and implementation plan finally adopted are detailed. The
main challenges faced during the installation works are reviewed and lessons learnt reported for future
SHM deployments in CSLs of a similar type. Fourth, the data processing is tackled with particular

attention to the effect of temperature changes on mechanical strains and curvatures. Finally, the BOTDR
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deployment study is completed through a comparative assessment of field data quality against vibrating

wire strain gauges (VWSGs). Examples of BOTDR damage detection are also presented.

5.2. Background on applied sensing technology

5.2.1. BOTDR technique

BOTDR is a distributed sensing technique that exploits the linearity of measured Brillouin frequency
shift (BFS) with strain and temperature changes in FO sensors. When a pump pulse with a given
wavelength A propagates through a silica fibre, the signal attenuates with time as a result of light being
backscattered through the optical fibre. If the pump pulse has sufficient intensity, the phenomenon of
inelastic Brillouin scattering is triggered by the interaction of thermally excited acoustic waves in the
silica fibre, i.e. phonons, with the pump signal (Glisi¢ and Inaudi, 2007). The Doppler effect caused by
the phonon periodic motion gives rise to both Stokes and anti-Stokes Brillouin Gain spectra (BGSs)
(Rogers, 1999) with a frequency shift vy, i.e. frequency at BGS peak intensity, equal to:

s Zn;va (5.1)

where ns=refractive index of silica medium; v,=acoustic velocity in silica fibre; and 2= pump pulse

Vp =

wavelength. The acoustic velocity v, of phonons is inversely related to the density of the solid medium,
which inturn is inversely related to strain and temperature in the optical fibre. Thus, the BFS at a position

z along the optical sensor, vy(z), can be expressed with Eq. 5.2:

Ub(Z) = VUpo + MVS(Z) (52)
where vio(2) is the BFS at zero strain and reference temperature; M, is a constant of proportionality and

£(2) is the total strain increment in the fibre at position z.

In BOTDR systems, like in Optical Time Domain Reflectometers (OTDRs), backscattered BGSs are
detected as a function of the time T taken for a pump pulse to propagate to and back from a certain
position z along the optical fibre. BGSs are measured by scanning a range of beat frequencies at a given
frequency interval (Brown et al., 1999; Li et al., 2015). Through the frequency sweep method (Li et al.,
2015), measurements at each BGS frequency data point are repeated by the selected average count and
averaged. The position z in the optical sensor corresponding to time Ts can be derived from Eq. 5.3:

_ GsT (5.3)

 2n,
where ¢cs=speed of light in a vacuum and Ts=the cycle time. Given that the pump signal is injected with

a pulse width Wy, the BGS at position z and time Ts encompasses the light backscattered in a preceding
fibre section of length Ly, named spatial resolution, which can be obtained from Eq. 5.3 with Ts=W,
(Brown et al., 1999). Thus, the spatial resolution Lg is the gauge length characteristic of BOTDR

reflectometers.

81


http://www.princeton.edu/cee/people/display_person/?netid=bglisic

5.2. Background on applied sensing technology

Phonons have a lifetime in the order of 10ns (Brown et al., 1999), and if the total strain in an optical
fibre is uniform, the phonon exponential decay with time results in BGS shapes that fit a Lorentzian
curve (Zhao etal., 2014). The conventional method of peak gain detection is a single peak-fitting method
that calculates the centroid of a least-square fit curve to BGS spectra (Deif et al., 2010; Brown et al.,
1999). Quadratic fitting of Brillouin spectrum is commonly implemented in algorithms of BOTDR
systems (Li et al., 2015; Soto and Thévenaz, 2013).

It follows that, with the single-peak method, the average total strain measured at z by the centroid
frequency coincides with the local strains experienced within the spatial resolution Lg as long as axial
strain gradients within Ly remain constant, including uniform total strains with zero gradient (Shang et
al., 2009). However, the differential strain within the spatial resolution broadens the Brillouin spectrum
with significant decay of the peak power gain. The drop in signal intensity limits the length of optical
sensor, and wider BGSs hamper the identification of the BFS which in turn increases random errors in
total strain measurements (Shang et al., 2009). Total strain profiles with variable gradient within the
spatial resolution result in both asymmetric and broadening Brillouin spectra (Deif et al., 2010), breaking
the identity between average and local strains. In this case, systematic errors must be added to random

errors in the accuracy of strain measurements.

The physical principles underlying the BOTDR technique limit the maximum spatial resolution
achievable at acceptable measurement accuracy. With a fine spatial resolution, systematic errors induced
by variable true strain profiles can be reduced in detriment of random errors, which increase due to
weaker Brillouin scattering (Brown et al., 1999). In strain profiles with constant gradient, there is a
trade-off between random errors originated by differential strains in coarse spatial resolutions and
random errors caused by weakening and broadening of Brillouin scatter with fine spatial resolutions
(Shang et al., 2009). In general terms, the maximum spatial resolution Ly of 500mm has been proven to
be feasible in current sensing applications (Brown et al., 1999), which makes BOTDR systems very
suitable for global structural rather than local material monitoring, particularly in inhomogeneous

materials such as concrete.

Nonetheless, recent research efforts have focused on the development of advanced signal processing
methods with the view to enhancing the spatial resolution of total strain measurements in strain profiles
with either gradual changes or step variations as in cracking concrete (Murayama et al., 2005; Brown et
al., 1999; Deif et al., 2010; Li et al., 2016; Li et al., 2015; Kim et al., 2002).

There are other input parameters in BOTDR operations which have an impact on measurement
uncertainty of total strains. Soto and Thévenaz (2013) proposed a propagation error equation to
characterise measurement errors of centre frequencies computed with the quadratic-least square fitting

method and under uniform total strain conditions. Frequency errors were inversely proportional to
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signal-to-noise ratio (SNR) and directly proportional to the square root of frequency sampling step and

the full width at half maximum (FWHM)), i.e. broadening of Brillouin scatter.

The SNR can be improved by increasing the average count of swept frequencies, although systematic
errors may be amplified by longer acquisition times if true strains are time-varying. Smaller frequency
intervals in spectral analysis can help to reduce uncertainty in the computation of BFS, but may require
again longer acquisition times. Soto and Thévenaz (2013) suggested, however, that using larger

frequency intervals with a greater number of time averages may be more time effective.

Finally, cumulative power losses due to attenuation or fibre discontinuities such as splices, connectors
or macrobends result in lower SNR and greater FWHM, doubly degrading the quality of centre
frequency measurements. In field applications with demanding optical budgets, i.e. low total power
losses in the optical circuit, the pump power can be increased to improve repeatability as long as

nonlinear effects are not triggered.

5.2.2. MEMS tilt sensors

Micro-electro-mechanical system (MEMS) instrumentation was introduced in geotechnical monitoring
in the late 2000s (Dunnicliff, 2008). Since then, multiaxial MEMS accelerometers have been deployed
in applications such as inclinometers, tiltmeters and tilt beams. Within the MEMS accelerometer family,
RST instruments have developed a profile monitoring system for CSLs which works on the principle of
the Basset convergence system (Bassett, 2012) and measures tilt changes in segments in two vertical

planes, one comprising a ring cross-section and another parallel to the tunnel axis.

The advantages of MEMS accelerometers are their small size, long-term stability, high linearity and
angular accuracy within operating ranges (Sheahan et al., 2008). MEMS tilt sensing in tunnel profile
monitoring systems enables the possibility of measuring segment rigid body movements soon after ring

erection without interference with the TBM envelope.

5.3.  Original proposal

The original design proposal inherited by the author envisaged the monitoring of four rings at the CTT
twin-tunnel (see Figure 5.1), which was driven in chalk under the river Thames. The topography and
geology varied along the route, with overburden depths ranging between 12.8m to 20m. At the centre
of the river channel, and tunnel deepest point, the weathered chalk had been partially excavated to
facilitate fluvial traffic in the past. The channel was later refilled with river terrace deposits and alluvium
clay, leaving an overburden depth of chalk of only 4m. Figure 5.2. presents the tunnel cross-sections at

the location of the instrumented rings.
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Figure 5.1: Location of CTT instrumented rings

Groundwater level

Ground level

Tunnel section

Units CAM1 CAM2 CAMB3/CAM4

Made Ground

Alluvium

River Terrace Deposits

Chalk

Ground level mATD 90.5 90.0 103.5
Groundwater level (average) mATD 100.5 100.5 99.3
Tunnel crown level mATD 78.0 76.2 84.0
Tunnel depth H m 12.5 13.8 19.5
H/D - 1.8 2.0 2.9
Stratum Bulk Top stratum
density
mATD

Mg/m3 CAMI1 CAM2 CAM3/CAM4
Made Ground 1.5 - - 103.5
Alluvium 1.0 - 90.0 99.0
River Terrace Deposits 1.6 - 86.0 96.0
Chalk 1.7 90.5 82.0 89.3

Figure 5.2: Tunnel cross-sections at instrumented rings

The original proposal projected the strain monitoring of ring segments in the hoop direction with parallel
topology by deploying BOTDR sensing in all segments except the keystone and embedment VWSGs in
four segments per ring (see Figure 5.3). Separate strain and temperature DFOS ring circuits were to be
completed immediately after ring erection in what was assumed to be a quick connection of segment
sensors with novel Diamond ODVA connectors, which in turn would have been previously spliced to
the sensors’ ends. The DFOS and VWSG cables of each instrumented segment would be terminated in

cast-in box outs connected to channels that would enable the completion of the sensing circuits.
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a) DFOS circuit in original proposal b) Cast-in box-outs and channels in original proposal
(after Crossrail, 2013)
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Figure 5.3: Original proposal

The CAM1 and CAM2 segment instrumentation proceeded in Shay Murtagh’s concrete plant in
November 2013 in accordance with the above design concept, each DFOS terminated in short ends that
were to be spliced to the ODVA connectors. The author contributed to the segment instrumentation
works as part of the Cambridge team, with four members. The author also proposed the location of three
of the four instrumented rings at cross passages to capture ring behaviour during tunnelling and cross
passage construction with the same instrumented rings; and designed the instrumentation layout, which
enabled strain measurements in the longitudinal direction and the identification of rational primary
sections (see section 5.4.4).

Subsequent in-house laboratory tests demonstrated that power losses induced by the ODVA connectors
were excessive for the proposed ring circuits, ~0.7dB/connector in a laboratory environment, and highly
sensitive to dust and dirt, leading to the conclusion that they were not sufficiently robust or reliable for
a construction environment (Colton, 2013). When the replacement of such connectors with conventional
arc fusion splices was proposed to the main stakeholders, Crossrail and HMJV raised their Health and

Safety concerns on performing splicing activities near the tail skin.

In addition, there was no provision in the proposal for the integration of the SHM requirements with the
constraints imposed by the TBM passage and tunnelling activities and the harsh environment of a tunnel

site constructed with a slurry TBM.

Following a stakeholders’ meeting on 18" December 2013, it was agreed that a new design solution was
to be developed on the principles that (i) all splicing within the tunnel was to be conducted in a safe
work area, i.e. the first TBM bridge gantry; and (ii) the duration of the installation works within the

tunnel requiring the interruption of the TBM advance was to be minimised. The above principles entailed
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a profound change in the design process from system requirements analysis onwards with the constraint
that all DFOS lengths had already been cut and CAM1 and CAM2 segments instrumented in accordance
with the original proposal.

5.4. CTT SHM system

Best-practice guidance and worldwide expertise confirm that the success of monitoring projects relies
on adequate planning and design (BTS, 2011; Dunnicliff, 1993). The monitoring process should follow
a rational approach from inception up to detailed specification of installation procedures, data collection
and interpretation, which should ideally be completed prior to any installation works (Dunnicliff, 1993).
For clarity, the description of the adopted SHM system presented here follows the key steps in planning
a monitoring program (Dunnicliff, 1993; BTS, 2011) relevant for research monitoring projects.
Unfortunately, such systematic approach was not fully implemented in the CTT case study (see section
5.3 and 5.4.6.4). Planning activities and design decisions inevitably concurred with the instrumentation
works, which compromised project risk. The lessons learnt are explained in section 5.4.6.4.

5.4.1. Stakeholders

Table 5.1 summarises the stakeholders engaged in the SHM project with direct participation on
monitoring tasks. The author managed the Cambridge team from December 2013 onwards and was
responsible for the completion of the monitoring program in cooperation with the other parties involved.
The team composition changed with time: three university staff members and students for the CAM3
and CAM4 segment instrumentation works at Shay Murtagh’s concrete plant (phase 1); two Spliceteq
staff members in average for the works undertaken at Crossrail’s site yard (phase 2) and one Spliceteq
employee for the works conducted within the tunnel (phase 3). All the planning, design, procurement
and coordination with stakeholders required to develop and deliver the physical architecture and
implementation plan described hereafter were undertaken by the author, except for the features inherited
from the original plan. The author was also a full-time member of the site team undertaking the

installation works in all the phases.

The monitoring plan was thoroughly coordinated with Crossrail and the construction contractor, HMJV,
with the imperative of Health and Safety and Fire Safety regulations compliance and the prerogative of
minimising disruptions to construction activities on site, particularly TBM tunnelling. Modifications in
segment design required to facilitate instrumentation were consulted with the lining designer, ARUP,
for structural integrity and with the concrete segment plant, Shay Murtagh, to ensure easy manufacture,
as part of the original proposal. The specialist subcontractor, Spliceteq, contributed with their expertise
in FO installations to the adoption of a technical solution satisfactory to all stakeholders. Other parties

with no direct interest in the field monitoring trials such as FO manufacturers (OFS Ltd), instrument
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distributors (Geosense Ltd) and BOTDR analyser manufacturer (Neubrex Ltd) were consulted during
the planning stage of this monitoring program.

The installation of the CTT SHM system was achieved by a joint effort of Cambridge University with
Spliceteq Communications Ltd. HMJV actively supported instrumentation and data collection through

the provision of access, specific machinery and human resources when required and reasonably
practicable.
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Table 5.1: CTT SHM stakeholders

CTT SHM Stakeholders

Task Crossrail Cambridge Specialist Construction Lining Concrete segment
University subcontractor contractor designer  manufacturer (Shay
(Spliceteq) (HMJV) (ARUP) Murtagh)
Plan monitoring program ° ° ° ° °
Procure instruments and make
D °

factory calibrations
Install instruments ° ° ° °
Maintain and calibrate instruments o
on regular schedule
Establish and update data

. °
collection schedule
Collect data ° °
Process and present data °
Interpret and report data °
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5.4.2. Selection of parameters

5.4.2.1. Total strains in concrete segments
The prerequisite that DFOS sensing was to be tested in CSL structures automatically determined strain
as a primary measurand in lining response characterisation. Nevertheless, strain measurements are
predominant over stress measurements in SHM systems targeting CSL structural response, partly
because of limitations in stress sensing performance (Dunnicliff, 1993), but also due to the versatility of

strain measurements in data interpretation.

Pressure cells are insensitive to tension, cumbersome to install and rarely ensure an effective contact
with the surrounding concrete (Dunnicliff, 1993). Conversely, strain sensing instruments enable
measurements of tensile and compressive strains, and the installation quality tends to be more reliable

and predictable.

Mechanical strains are a good performance indicator of concrete failure. Indeed, it has been noted that
(i) “there are strong indications that the real criterion (in concrete failure) is the limiting (mechanical)
strain” (Neville and Brooks, 2010), given that concrete failure in either compression or tension is caused
by crack propagation (Neville and Brooks, 2010); and that (ii) “(concrete) failure occurs at limiting
(mechanical) strain, regardless of whether this strain is reached by a rapidly applied high stress or a
lower sustained stress” (Neville et al., 1983). Moreover, yield tensile strains, ultimate and yield
compressive strains are similar for a wide range of concrete strengths (BSI, 2010; Chen, 1982), e.g. yield
tensile strains lie within a narrow [100-200]ue strain interval (Neville and Brooks, 2010). Project
specific limiting strains can be inferred from standard concrete tests.

In addition to the strain sensing capacity for damage detection, if concrete mechanical strains are spot
mapped within a concrete structure, then the structural loads may be inferred if the nature of loading

states can be anticipated.

Nonetheless, there are a number of sensor and concrete features that may hinder the identification of
mechanical strains and further computation of structural loads. First, sensors affected by temperature
changes provide measurements of apparent measurand, which is the combination of the quantity to be
measured, i.e. total strains, and sensor thermal sensitivity. Second, embedded strain sensors capture total
strains in monitored structures, which implies that mechanical strains can only be known provided that
concrete volume changes due to thermal deformations and shrinkage can be identified. Third, concrete

creeps with time under sustained load and incurs in lateral deformations due to the Poisson effect.

It then follows that information on influence parameters is needed for adequate data interpretation. The
evaluation of total strains demands temperature sensing in non-isothermal conditions and shrinkage
characterisation must be regarded in the assessment of mechanical strains. The estimation of operating

structural loads compels the knowledge of concrete elastic properties and creep characterisation.
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Consequently, temperature sensors with the same strain topology were incorporated and creep and
shrinkage tests were conducted in parallel to the field trials. However, the prediction of time-dependent
deformations in tunnel conditions is not easy and laboratory tests in concrete samples can only be
expected to narrow the range of in situ creep and shrinkage despite relative humidity having been
measured in the CTT tunnel (see chapter 8).

5.4.2.2. Segment tilt
Tunnel deformations in CSLs are the combination of segment strains and relative movements between
segments. Joints can have a dominant role in the structural response of CSLs. For example, rotations in
longitudinal joints are the main component of ring deformations and tunnel convergence. TBM forces
and sequential loading may cause the tilt of individual segments in non-bedded rings, and longitudinal
tunnel deflections concentrate at circumferential joints through rotation and shearing. Additionally, the
relative movements between segments during construction may indicate the propensity of the lining to

contact deficiencies.

Accordingly, and given that the original proposal prescribed the monitoring of individual rings, segment
tilt measurements were incorporated to capture the CTT ring response during construction activities and

in the long term.

5.4.3. Selection of instruments
The strain instruments adopted were inherited from the original proposal. DFOS sensing was enabled
through the installation of FO sensing cables embedded in the instrumented segments and the

deployment of a BOTDR analyser, Neubrescope-5000X, for data acquisition.

The loose tube method (CSIC, 2016) was deployed to facilitate strain and temperature sensing. In this
way, parallel sensing of strain and temperature was achieved through a pair of cables: (i) the Fujikura
reinforced JBT-03813 optical cable, a tight buffer cable with a flat nylon cable sheath reinforced with
steel wires; and (ii) a standard gel-filled loose tube telecommunication cable. The former allows the full
transfer of strains from the cable jacket to the optical fibre and is sensitive to temperature and external
strains (CSIC, 2016). The latter targets temperature sensing only as the gel interlayer isolates the fibre
from external strains (CSIC, 2016).

Geosense VWS-2100 embedment VWSGs, with built-in thermistors, became the benchmark sensors of
choice. The selection criteria for the BOTDR interrogator and the VWSG model in the original proposal
might have been governed respectively by resource availability and precedent use in monitoring

projects.

RST MEMS tilt sensors, including thermistors, were adopted on the basis of their sensing performance,
small size and operational readiness soon after erection of instrumented rings. They enabled biaxial

sensing which added the possibility of measuring vertical tilt parallel to the tunnel axis.
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The manufacturer’s technical specifications are collected in Appendix 1.

5.4.4. Instrumentation layout
Each ring sensor network consisted of a cell sensor topology repeated in all instrumented segments (see
Figure 5.4). Parallel sensor topologies were adopted in the two principal directions of expected axial
loading and bending, i.e. hoop and longitudinal directions. In parallel topologies, pairs of sensors, of
equal gauge length, are oriented parallel to the neutral axis of the monitored cross section and situated
at different offsets, preferably at either side of the section centroid (Glisi¢ and Inaudi, 2007). This

arrangement enables the computation of mean strain and curvature.

The primary instrumented sections were selected with consideration of expected behaviour and project
budget. With sequential loading near the tail skin, the time-varying eccentric hoop compression of rings
was anticipated (see chapters 3 and 6 to 8). Thus, three hoop cross sections were included in the layout:
a central section at one side of the grout hole near the segment centroid; two lateral sections at about

0.5h of the circumferential joints to avoid excessive local effects.

Only a central longitudinal cross section was proposed as primary section since longitudinal strains in
segments with relatively even packer support were expected to be uniformly distributed along the

segment centreline.

One optical cable circuit swept all selected primary sections in each segment. The ten channel DT2055B
data logger for strain gauges limited their number to five per segment: two pairs of strain gauges, hoop
and longitudinal, were positioned near the segment centroid and a single longitudinal strain gauge was
placed laterally at the lining thickness midpoint.

Disparate lining depths and cross-sectional offsets between the strain gauges and the DFOS were given

by demands in installation procedures and to prevent concrete void formation around the sensors.

One of the two box-outs cast in the instrumented segments was used to house the MEMS tilt sensor,
fixed at its base. The instrument was properly oriented to match tilt measurements against the two

primary vertical planes.
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Figure 5.4: DFOS instrumentation layout of CSL segments

5.4.5. Gauge length and measurement accuracy
Structural monitoring is generally concerned with global structural response and damage assessment or
detection (Glisi¢ and Inaudi, 2007). Structural engineering theories rely on the adoption of mechanical
properties that characterise the structural behaviour of inhomogeneous members by integrating the
effects of material discontinuities in the global structural response. This is valid even in advanced
constitutive models such as the recently popular smeared cracking concrete models.

Point sensing in concrete structures can only provide measurements representative of structural
behaviour if the local effects of concrete discontinuities are bypassed by long gauge lengths (Glisi¢,
2011). However, averaged strains over too long gauge lengths will differ from strains at attributed
sampling points if the strain distribution within the gauge length is nonlinear (Glisi¢, 2011).

According to the above, the impact of the adopted gauge length on the measurement accuracy of strain
sensing techniques selected for the CTT segments is investigated here in regards to the load distribution

expected in the segments and the concrete discontinuities.

5.4.5.1. Segment loads
Glisi¢ (2011) developed a method for the calculation of relative strain measurement errors, err,, caused
by variable strains within a sensor gauge length, Ls, in homogeneous beams subjected to various loading
types and for sensors positioned at a distance from the member extremities either greater or smaller than

the beam depth (see Figure 5.5).
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Figure 5.5: Relative strain measurement error

In CSL tunnels, the radial pressures tend to be smoothly distributed except perhaps near the tail skin
(see chapter 8). For the purpose of this discussion, it can be assumed that the lining pressures will exhibit
a linear distribution with depth during construction (see chapter 7) or a sinusoidal distribution in the
long term (see chapter 4) that can be approximated to a quadratic distribution. In both situations, err,
can be computed in accordance with Glisi¢’s (2011) load case for a polynomial load and a sensor away

from the member extremities.

Table 5.2 summarises the VWSG and the BOTDR err, associated with the maximum strains attributed
to the above type of distributed loads in hoop and longitudinal directions. The VWSGs with Ls=150mm
yield err.<1% in all cases, while the BOTDR, with Ls=500mm, results in peak err~7.5%. The
computation of measured strains in BOTDR measurements based on a frequency representative of the
BGS may not conform to Glisi¢’s (2011) formulae. However, the BOTDR err. here obtained can be
taken as an indication that a detailed examination of BOTDR measurement accuracy in members

subjected to variable strains is required.

Table 5.2: Relative measurement error of maximum strain

Relative error [%0] Distributed loads

Strain sensor Uniform Linear Quadratic
VWSG hoop centre 0.1 0.2 0.3
VWSG long centre 0.3 0.6 0.9
BOTDR hoop centre 15 1.9 2.8
BOTDR hoop side 15 1.9 2.8
BOTDR long centre 3.3 5.4 7.4

Boundary loads in CSL segments typically are longitudinal normal loads acting on packers, coupling

forces at packers or dowels, and concentrated normal loads at longitudinal joints.

The longitudinal compression of ram loads is applied over the packers’ area and spreads longitudinally

and radially towards the segment centreline. Figure 5.6 shows that at central positions, the ram load
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spread is fully developed and strain fluctuations are minor while, at lateral hoop sections, the incomplete

spread of ram loads over the segment length results in wider fluctuations of hoop strain.

Ram load

Lateral hoop
section

Segment

Figure 5.6: Ram load spread at lateral hoop section

All the strain sensors, except at lateral hoop sections, were installed at a distance greater than the lining
depth h from the point of coupling force application (PFA), which implies that the bending strains caused
by the coupling forces near the sensors present a smooth distribution that could be equated to the
polynomial loading case. For the lateral sensors, Glisi¢’s (2011) solution for rectangular beams with
strain sensors positioned at 0.5h distance from the PFA and Ls>h yields err,=3.6% and err,=2.9% when

coupling forces act at % and ¥z of the segment length respectively.

Finally, all BOTDR usable lengths and strain gauges are outside the disturbed zone of the longitudinal
joints, i.e. at a distance greater than h from the longitudinal boundaries, which implies that the hoop

strains are linearly distributed with lining depth and unaffected by transverse strains (see chapter 2).

5.4.5.2. Concrete discontinuities
In the analysis of RC structures, the concrete is tackled as a homogeneous material (Glisi¢, 2011): the
curvature required for the computation of bending moments or deflections is the curvature averaged
over the crack spacing, L, and the flexural crack width is computed through the product of maximum

L. and the mean tensile strain in the reinforcement (BSI, 2010).
Gligi¢ (2011) estimated the relative error in a strain measurement caused by cracking, &£ <%, as:

L 5.4
5851"5ack ~ iSCs_C ( )
y y LS

where &c;s is the average strain measured by the sensor at the sensor midpoint (see Figure 5.7.a).
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The maximum L. calculated with the Lofgren’s method for load-induced cracking (Lofgren, 2007) for
the CTT concrete is about 180mm and 140mm in hoop and longitudinal directions respectively; thus the
total strains measured with 150mm and 500mm strain sensors may incur in relative errors of up to 120%
and 36% each.

The 150mm VWSGs embedded in cracked regions may not provide reliable strain measurements for
the structural monitoring as their certainty depends on the sensor position (see Figure 5.7.a). However,
this conclusion does not necessarily apply to DFOS since, given that averaged strain data is retrieved at
small sampling intervals, e.g. 50mm, cracks may be detected and averaged tensile strains estimated even

for spatial resolutions smaller than L..

In this case study, the FO cables were point-fixed with loose cable ties to the steel corrugated bars of
segment reinforcement cages. With this arrangement, it can be assumed that in uncracked regions the

cable sheath is bonded to the steel bar, which in turn is bonded to the surrounded concrete.

In cracked regions, with partial slip between concrete and steel bar over a certain transfer length, |; (see
Figure 5.7.b), the strains transmitted to the cable sheath and optical fibre must either (i) reproduce the
strains in concrete, if there is full bond between the optical cable and the concrete; (ii) follow the steel
strain profile in the case of the optical cable fully bonding with the steel bar; or (iii) describe a uniform
distribution of averaged strain if there is no cable bond over the transfer length (see Figure 5.7.c).

The first case is physically impossible given that the FO cable bridges the opened crack. In the third
case, if the BOTDR spatial resolution is smaller than L., there must be at least one data point with the
correct measurement of average steel strain, which is required for the computation of crack width and
averaged curvature. Otherwise, crack detection would still be possible with the centroid method if
Lc>0.5Ls or through the secondary peak method if L. <0.5Ls (Glisi¢ and Inaudi, 2007). Finally, in the
second case, crack detection would depend on the steel strain distribution, becoming increasingly

difficult with higher concentration of tension at the crack location.

Overall, it follows that the attachment method of optical sensors can determine the system capability for
crack detection and average steel strain measurement in cracked concrete. Spatial resolutions smaller
than L ensure the accurate measurement of average steel strain in unbonded optical cables. In this case
study and assuming unbonded optical sensors, the detection of cracks spaced over a 180mm distance
with 500mm BOTDR spatial resolution would be close to the sensitivity boundaries of centroid and

secondary peak methods.
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a) Influence of discontinuities in sensor b) Steel and concrete strains in cracked
measurement (after Glisi¢, 2011) reinforced concrete (after Kwak and Song, 2002)
L=1.5l,

) ‘”

rebar { !l
L L | |
\ Concrete I

cracks

Short gauge sensor

——
i
L]

Long gauge sensor

c) Case 3: average strain measurement and crack detection

L. > 0.5L; = Crack detection with centroid method
Ly>Lc= L, < 05L; = Crack detection with secondary peak method
(after Gligi¢ and Inaudi, 2007)

£
ES
Ect
EC
X
£ A
ESEﬂSﬂJ’, ﬂVEIﬂgE>EC!
| Sensor strains in case 3
Sampling point
Lo ° o o ° ° ° o
— LS < LC = Eiil:’d.ﬂl!‘é(f: Esem‘w)duemge
|

Figure 5.7: Effect of concrete discontinuities on measurement accuracy

5.4.6. SHM system design

The SHM design was conducted through the integrated development of three interdependent elements:

the physical architecture, the implementation plan and the data acquisition programme.

A wide range of system engineering tools were deployed during the design process, such as feasibility

studies of the installation works, Icam DEFinition for Function Modelling (IDEF) diagrams, risk

assessments, method statements, and requirements and cost analyses.

The constraint requirements and the novelty of DFOS in tunnel construction environments demanded

significant planning efforts with preliminary laboratory sessions, spaceproofing analysis, regular

communication with all stakeholders at relevant phases and almost daily coordination with the main
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contractor and the construction programme. The design described herein is the solution finally adopted
for the last two instrumented rings, CAM3 and CAMA4. Robustness issues and lessons learnt derived
from this SHM deployment are also explained.

5.4.6.1. Physical architecture
The system was delivered in phases with a view to conducting as many installation tasks outside the
tunnel as possible and thus minimising disruptions to the tunnelling activities. This solution also
integrated the segment instrumentation works of the original proposal completed prior to the design of

this phased configuration (see section 5.2).
a) Phase 1: Segment instrumentation at Shay Murtagh’s concrete plant (See Figure 5.8.a):

The first phase entailed the segment instrumentation with the DFOS and the embedment VWSGs.
The instrumented segments were furnished with two covered stainless steel box-outs cast at the
segment intrados: one housing the VWSG data loggers and a pair of strain and temperature cable
loose ends; the other, another pair of DFOS ends.

b) Phase 2: Preparatory works at Crossrail’s site yard (see Figure 5.8.0):

This phase comprised all preparatory works that could take effect prior to ring erection. The physical
architecture at the end of this stage consisted in a segment circuit of strain and temperature FO
sensors spliced in series to 20m of connecting optical pigtails terminated in connectors, which

enabled the data acquisition with the BOTDR interrogator for the first time.

The segment instrumentation was completed with the addition of the tilt sensors and their data

loggers.
c) Phase 3: Works at Crossrail’s tunnel during tunnelling (see Figure 5.8.¢):

A DFOS ring circuit with two free ends terminated in connectors was delivered by splicing the loose
ends of the connecting FO cables, after being routed to a terminal box where all intersegment splices

were housed.

This configuration, with extended FO free cable ends when appropriate, enabled simultaneous
automated data acquisition in all ring segments during the TBM passage and at future construction
stages, e.g. cross passage construction. It also delivered the best DFOS technical performance of all
the options examined in terms of accessibility for data acquisition, system verification and repairs,
optical budget and readiness time for automated measurements. The terminal box facilitated partial
access to the FO splices and DFOS circuit ends. The estimated optical budget of the ring circuit,
2.1dB, was well within the capabilities of the selected BOTDR interrogator. The automated
measurements in the ring circuit were expected to start about 15h after ring erection, and individual

measurements in the segment circuits 6h after ring erection.
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Figure 5.8: SHM physical architecture
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c) Phase 3: CTT tunnel during tunnelling
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Figure 5.8 (continued)
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5.4.6.2. Implementation plan

Figure 5.9 shows the IDEF diagram of the installation works, highlighting the main tasks accomplished

in each phase.

The installation of strain gauges was completed in the first phase, which enabled automated

measurements from this phase onwards.

The tilt sensors were attached to each segment in the second phase, but the required adjustment of the

hoop reference plane was performed in the third phase, once the segment position in the erected ring

was known. Consequently, automated measurements became meaningful only after the tilt adjustment.

The DFOS circuit was adapted to the physical and site constraints of each phase:

a)

b)

In the second phase, the initial layout was modified to a segment circuit with connecting optical
cables in preparation for the following stage and to perform baseline measurements of segment
circuits in unloaded conditions.

The risk of power loss induced by local defects in non-bedded optical fibres, such as breakages
or macrobending, was minimised through the use of splice trays and bend-insensitive
connecting optical cables.

All splices were housed in standard splice trays for telecommunication applications, which in
turn were fixed onto the box-out walls.

The 3.0mm EZ-bend ruggedized optical pigtails were provided with EZ bend insensitive single
mode fibres, especially manufactured for high macrobending performance and yet suitable for
harsh environments.

The macrobending properties of the connecting cables allowed their temporary fold within the
covered stainless steel channels without optic fibre breakage or permanent damage, which
ensured cable integrity during segment transportation and ring erection. These cast-in channels
had been originally foreseen as conduits for intersegment sensor splicing (see section 5.3), and
hence were part of the first phase installation works.

In the third phase, the same macrobending properties enabled the safe routing of connecting
cables within the lining caulking grooves up to the junction box. The total macrobending
attenuation due to the fifty six 90° corners encountered in each ring circuit was estimated to be
0.14dB, which assumed cable radii of 20mm achievable with the aid of spacers.

It is noteworthy that bend-insensitive optical fibres are manufactured with a mode field diameter
slightly different from single mode fibres in optical sensors, and therefore the average power
loss per splice in the estimation of ring optical budget was increased to 0.05dB, which included
this hybrid splicing.

After cable routing to a collection box, the DFOS installation works in the third phase

encompassed: (i) mounting a temporary support frame for the BOTDR interrogator to enable
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ring measurements during TBM passage (see Figure 5.10.a); (ii) routing all connecting cables
from the junction box to a terminal box (see Figure 5.10.b); (iii) splicing the connecting optical
cables to complete the ring circuit and housing the splice trays containing the new thirteen
splices in the terminal box (see Figure 5.10.c); (iv) fixing surface optical cables to the concrete
lining (see Figure 5.10.e); (v) checking segment and ring circuit integrity from a temporary
workstation for the BOTDR interrogator (see Figure 5.10.d and 5.10.f); (vi) performing segment
measurements with the BOTDR interrogator (see Figure 5.10.d); and (vii) programming
automated ring measurements during TBM passage (see Figure 5.10.9).

CAM3 and CAM4 instrumented rings were four rings apart. CAM3 automated ring
measurements were interrupted to verify the CAM4 ring circuit. Automated measurements were
resumed afterwards for both ring circuits, making use of the two ports in the Neubrescope-
5000X analyser.

After about 70m of TBM passage, the BOTDR interrogator was relocated to a shelf fixed to the
concrete lining on top of the slurry pipes at the back of the TBM equipment, which remained

the data acquisition point for future measurements (see Figure 5.10.h).

One major concern from the second phase onwards was the protection of (i) equipment sensitive to
water submersion, such as data loggers, and (ii) bare optical fibres held in splice trays that could be
damaged by slurry or grout entering the box-outs during tunnelling or cross passage construction
respectively. Waterproofing layers were added to the non-waterproof cast-in box-outs and channels as
appropriate and with consideration of applicable site constraints.

The installation works delivered 5.8dB and 3.0dB optical budgets for CAM3 and CAM4 rings, slightly
higher than the estimated values but within the BOTDR allowance. Segment measurements and ring
measurements were completed about 6h and 8h after ring erection for the above rings, which exceeded
the initial expectations. The duration of the third phase installation works oscillated between 24h and

12h per ring, with a clear improvement in installation time with experience.

A fourth phase for the additional protection of monitoring instrumentation during cross passage

construction works was also implemented.
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Figure 5.10: Phase 3 installation works sequence
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5.4.6.3. Data acquisition

Table 5.3 shows the BOTDR input specification for data acquisition. Time and distance maps of the

measurements are shown in chapter 8.

Table 5.3: BOTDR input specification for data acquisition

CTT input parameters
Laser wavelength 1550 £2nm
Distance range ~700m

Measurement frequency range

[10.3-11.4GHz]

Measurement frequency scan step 5MHz
Readout resolution 5cm
Sampling points 220
Average count settings 216
Pulse Width 5ns
Spatial resolution 50cm
Optical budget ~6dB

Operating conditions 10-35°C/R.H.<85%

5.4.6.4. Robustness issues and lessons learnt

The reliance on untested technology and the incomplete identification of site requirements at the early

stages of the design process, i.e. the original proposal, increased the risk of project failure:
a) Reliance of original proposal on untested technology:

Despite the magnitude of the works, in the original proposal, the project depended entirely on the
use of the novel Diamond connectors (see section 5.3). There was no alternative plan in case the
connectors failed, as they did, the unit tests designed to validate the operational requirement of an

acceptable ring optical budget in a harsh environment such as the CTT tunnel (see Figure 5.11).

The in-house laboratory tests on the connectors were conducted late in the design process,
November 2013, so that the results were reported once CAM1 and CAM2 segments had been
already instrumented and the DFOS of CAM3 and CAM4 segments cut.

When the Cambridge team proposed the replacement of the connectors with splices in 18™
December 2013, Crossrail and HMJV rejected it on the basis of Health and Safety compliance and
requested a design that minimised the installation time within the tunnel and enabled all splicing

activities to be conducted in a safe work area of the TBM.

Consequently, the new design solution, comprising the procurement of materials and the completion
of the installation works, had to be delivered within the tight timeframe of less than three months

determined by the CTT construction programme.
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The CTT experience confirms that profound design changes at late stages in a project life cycle can
lead to (i) greater demands in equipment and materials; (ii) deterioration of working conditions and
overtime; and (iii) higher risk of project failure (Blanchard and Fabrycky, 2011).
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Figure 5.11: CTT robustness issues against double V-model (after Firesmith, 2011)-untested technology

b) Incomplete identification of site requirements at early stages:

Two further changes in the initial proposal were required to harmonise the new SHM system with
the features inherited from the original proposal and site, particularly tunnelling conditions,

activities and regulations (see Figure 5.12).

First, some VWSG data loggers housed in non-waterproof box-outs were damaged by rainwater
entry during segment stacking. Site visits to the tunnel also evidenced that the rings used to be
cleaned with pressurised water after erection; that slurry was poured regularly over the tunnel invert
during slurry pipe extensions, which later solidified and formed a layer of variable depth; that
construction waste accumulated at the tunnel invert during cross passage construction; and that the
intrados of cross passage rings was grouted as part of the temporary works. Appropriate
waterproofing layers were included at each stage of the new solution.

Second, the original splice protection method, commonly applied in previous geotechnical projects,
consisted in a flexible plastic tube, housing the splice sleeve and bare fibres, with its ends sealed
with heat shrinks. The review of the BOTDR measurements for system verification in the days
following CAML ring erection revealed that there was a progressive deterioration in splice quality,

which led to total data loss over time. CAM2 ring erection was imminent at the time and therefore
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a full investigation of the problem was postponed. Tests conducted at the site yard on the CAM3
splices confirmed that, even with slight curvatures of the protecting tube, the high macrobending
attenuation was caused by the tight bending of the optical fibres at the tips of the splice sleeves. It
was concluded that the splice protection method was not appropriate given that its straight alignment
could be disrupted by the limited box-out size, water or slurry entry in the boxes, cable selfweight
and vibrations during advance. In the absence of a CSIC splice protection case at that time,
commercial splice trays for telecommunication applications were deployed instead. The tray models
that fitted in the box-outs left the splice bare fibres exposed; therefore the uncontrolled entry of

external substances in the box-outs had again to be prevented.
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Figure 5.12: CTT robustness issues against double V-model (after Firesmith, 2011)-incomplete requirements set

The acquisition of a complete field data set starting immediately after ring erection was pursued in the
development of the new solution in order to enable a comprehensive characterisation of the lining
performance during construction: early BOTDR ring measurements after ring erection and over 70m of
the TBM passage, were facilitated by the use of the BOTDR interrogator temporary support, produced
at the site workshop; vertical tilt measurements were added to capture the global performance of
segmental rings; all the segments cast in January 2014, i.e. CAM3 and CAM4 segments, were equipped

with a full set of strain gauges each.

106



5.5. Data processing methods for CSLs

5.5. Data processing methods for CSLs

5.5.1. Nomenclature
Apparent strains are the sum of total strains in the monitored structure and strain quantities induced by

the sensor thermal sensitivity.
Total strains, deiwt, are the sum of all strains in the monitored structure:

Agtot = Agstr + Agcreep + Agshr + ASAT + A‘E‘mech,AT (5-5)

where Jes are instantaneous strains due to structural loading; Aecreep are creep strains under sustained
load; Aeshe are shrinkage strains; Aeyr are thermal strains and Aemecn 4t are instantaneous mechanical

strains caused by restrained thermal deformations.

Net mechanical strains, hereafter named mechanical strains, are the strains produced by structural
loading, thus excluding thermal effects and shrinkage strains. CTT shrinkage tests confirmed that
shrinkage strains of concrete specimens after months of being cast were negligible.

Net structural strains, from here on referred as structural strains, are the instantaneous strains produced

by structural loading, i.e. mechanical strains minus creep strains.

Total mechanical strains are strains produced by structural loading and restraints in thermal

deformation.

Total structural strains are instantaneous strains produced by structural loading and restraints in thermal

deformation.

Raw strains are absolute strain measurements.

Initial strains are strain increments measured from t=0.

Zeroed strains are strain increments measured after ring erection.

The same categorisation can apply to combined quantities such as curvatures.

5.5.2. Total strain and tilt
5.5.2.1. BOTDR total strains

With the loose tube method, temperature increments, AT, can be estimated from the BFS detected in

temperature sensors, (4vy)ioose, With EQ. 5.6:
(Avp)100se = CTTAT (5.6)
where Crr is the BFS temperature coefficient of the loose tube cable (CSIC, 2016). Then, total strains

in the FO strain sensor can be inferred from Eq. 5.7, as long as the BFS temperature and strain
coefficients, Cr and C,, are known (CSIC, 2016):
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Av, = CAgpp + CrAT (5.7)
For a 1550nm nominal laser wavelength, CSIC collated published Crr values ranging from 1.0 to
1.1MHz/°C, whilst C. could vary between 0.0483 and 0.0506MHz/ue (CSIC, 2016). CSIC
recommendations on BFS coefficients for this particular case study were Crr=1.08MHz/°C,
Cr=1.00MHz/°C and C,=0.04846MHz/pe.

5.5.2.2. Total tilt

Total tilt Atilt in tilt sensors can be calculated with the following expression:

Atiltyor = Atiltayy — Creie AT (5.8)
where Atiltapp is the apparent tilt measured and Cr i is the temperature coefficient of the tiltmeter, which
can be obtained through linear regression of the tilt measurements against temperature changes under
stable tilt conditions.

5.5.3. Mechanical strains
Temperature changes in tunnels are generally small when compared to overground structures, except
during mechanised tunnelling with backfill grouting. In grouted smooth bored tunnels, the exothermic
hydration of grout injected in the tail void generates heat that is transferred to the lining and can increase

lining temperatures by 20°C, as measured in the CTT.

With temperature compensation of total strains, it is assumed that thermal strains in the instrumented
structure are not restrained and, consequently, the total value of free thermal strains de,r, produced by a

temperature increment AT is subtracted to obtain the mechanical strains, Aemecn:

Aemecn = Aeror — Aepr — Aemechar = Ator — apcAT (5.9)
where arc is the concrete coefficient of thermal expansion. The applicability of temperature
compensation thus understood can only be guaranteed in isostatic concrete structures subjected to slow
thermal changes so that linear temperature distributions can develop within structural cross-sections. In
statically indeterminate structures such as CSLs, partial or total constraints might be imposed by
segment boundaries, and a sound examination of lining response to thermal variations is required to
either validate temperature compensation or to assess additional measurement uncertainty introduced

by thermal restraints.

5.5.3.1. Coefficient of thermal expansion
The coefficient of thermal expansion in hardened concrete depends on intrinsic factors such as the
water/cement ratio, age (Berwanger and Sarkar, 1976) and thermal properties of aggregates whose
thermal coefficients can oscillate between 5.4 and 12.6ue/°C (Gambhir, 2013). In SFRC, the steel fibres
embedded in the concrete mix tend to hinder concrete thermal expansion, even in small volume fractions
(Purkiss, 1987). External factors such as extreme ambient temperatures also influence ar.. For example,

concrete in freezing conditions presents greater thermal coefficients (Bishnoi and Uomoto, 2008). It is,
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therefore, necessary to evaluate arc for the particular concrete mix of CTT segments and with

consideration of site temperatures.

Strain and temperature daily fluctuations experienced by unloaded CTT concrete segments exposed to
ambient temperature at the site yard were used to compute averaged linear coefficients of thermal
expansion. Figure 5.13 illustrates total strain increments and absolute temperatures measured by
longitudinal VWSGs in a concrete segment over the week prior to ring erection. There is a strong linear
correlation between temperature and total strains with the typical hysteresis caused by daily temperature

cycles.

The poor thermal diffusivity of concrete causes transient nonlinear temperature distributions in concrete
members subjected to rapid thermal variations (Bishnoi and Uomoto, 2008; El-Tayeb et al., 2015).
Surface fibres are heated or cooled much faster than central fibres at the structural core. With such
nonlinear temperature variations in a member cross-section, thermal strains are partially inhibited by

internal restraints and self-equilibrating thermal stresses develop (El-Tayeb et al., 2015).

For instance, when the external temperature increases, surface fibres reach greater temperatures than
central fibres during heat transfer (see Figure 5.14.a). Since plane cross-sections tend to remain plane,
surface strains are partially constrained and consistently smaller than free thermal strains at measured
temperatures (see Figure 5.14.b). Conversely, thermal strains at core fibres are furthered by the thermal
expansion of surface fibres. The strain deviation from the free thermal expansion produces compressive

stresses at the surface and tensile stresses at the centre (see Figure 5.14.c).

Overall, strains measured near the surface of a cross-section in the heating (thawing) and cooling
(freezing) path are smaller and greater than the steady strains respectively, leading to a hysteresis whose
amplitude is directly related to that of the temperature cycles. In all cases, thermal curvatures are

smoother than those expected from external temperature differences.

The thermal expansion coefficients were derived through linear regression of measured actual strains
and temperature for each VWSG. The expected value, standard deviation and hysteresis of ar inferred
from all segments were larger in hoop than in longitudinal direction, possibly due to hoop strain gauges
being closer to the surface and concrete rebar. Consequently, separate arc were adopted in longitudinal
and hoop directions, (9.2+0.5)ue/°C and (10.1+0.6)ue/°C respectively, so that the standard uncertainty
of thermal strains, excluding hysteresis effects, was reduced by three times. In the absence of sufficient
BOTDR measurements prior to ring erection, the same ar. values were assumed for DFOS, even though

these were attached to the concrete rebar.

Measurement uncertainty and hysteresis associated with cyclic temperature fluctuations lead to apparent
residual strains after temperature compensation, which have an impact on the evaluation of initial

mechanical strains (see Figure 5.15).
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5.5.3.2. CSL response to mean temperature changes

a) Changes in mean hoop temperature

If a non-bedded segmental ring is subjected to uniform temperature changes applied at a low rate, the
ring contracts and expands uniformly as a continuous ring. Each segment behaves as a simply supported
curved beam with free radial displacements at the supports (see Figure 5.16), and thermal strains can
develop fully without producing concrete thermal stresses. If the temperature distribution varies
significantly along the ring perimeter, then the thermal expansion of individual segments may be, at

least, partially hindered by adjacent segments.

Since the CTT temperature data demonstrated that mean temperature increments along the ring
circumference remain roughly uniform and vary smoothly with time (see Figure 5.27, p.125), the
condition of free thermal response is deemed representative of real segment boundaries.

Free thermal expansion Restrained thermal expansion
AT AT
& (4]
\ AEfreE / AUL‘IT
Rt\ /{r
‘& R

Figure 5.16: Segment response to temperature changes

When a bedded ring is subjected to a uniform temperature increase, the proportion of free thermal
expansion, R, prevented by the ground passive reaction can be approximated with Eq. 5.10, which
assumes linear elastic behaviour of the ground and the concrete (see Figure 5.17):
Rom = _Agrest,,AT _ 1 (5.10)
AT — -
Aepr E.(1+ US)AT)
14 (Bl

N

where R is the ring radius and A is the cross-sectional ring area.

AL AR
AEE = T = ? = AST
— _ES(AR - ARrest)
Pk R(1+vy)
—AR
N = pyR = EA, T’""’“

Figure 5.17: Ring thermal expansion restrained by ground
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For the ground conditions encountered at the location of the instrumented rings, constrained thermal
strains are less than 5% of those realised in non-bedded rings. The steel thermal expansion coefficient,
12.2ue/°C, slightly higher than arc, ensures the non-interference of spear bolts on CSL thermal strains
inside the tunnel.

Following the thermal curves derived from field monitoring data (see section 5.6.1, p.123), the mean
concrete temperature increases at a nonlinear rate after grout backfilling for several TBM cycles. The
rings experience a cumulative thermal expansion for several advances so that ring thermal strains may

be affected by deformations in adjacent rings.

Figure 5.18 illustrates the typical profile of free thermal strains, proportional to temperature increments,
exhibited by the instrumented segments with peak temperature increments per advance of about
5°C/advance in the second advance. The temperature profile in this advance could be approximated to

a square roof function.

The axisymmetric problem, ignoring the staggered position of longitudinal joints, could be viewed as
that of a thin-walled cylinder subjected to a nonlinear temperature profile. Given the short width of the
rings, it could be assumed that the nonlinear temperatures are accommodated by the sequence of ring
cross-sections, each exhibiting nearly linear radial strains along their ring width. Following El-Tayeb’s
analytical method for the calculation of self-equilibrating stresses in cross sections that remain plane
when subjected to nonlinear temperatures (EI-Tayeb et al., 2015), the restrained thermal strains in an
instrumented ring cross section by the end of its second advance could be estimated.

It emerged that the predicted peak restrained strains were less than 2.5ue and 20peg, i.e. 5% and 40% of
free thermal strains, at the centroid and DFQOS side position respectively. Although the above deviations
certainly contribute to measurement uncertainty, their magnitude remains small when contextualised,
given that VWSGs were installed in the vicinity of segment centroids and that both values are lower

than the BOTDR repeatability achieved in this case study (see section 5.6.2, p.127).

Instrumented ring

— Ring assembly

Advance 1

| Advance 2

I~ Measured Ag,

9 ©

Sensor

— =
=

Advance 3

Figure 5.18: Strain profiles due to CSL temperature increments
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Overall, about 95% of the concrete thermal strains can develop freely in the hoop direction at centroid

positions and restrained strains at the side positions may only be significant during the second advance.

Accordingly, the temperature compensated strains in Figure 5.19 reflect rational patterns in the
mechanical deformations of CSLs. For example, during tunnelling, the compensated strains show a
progressive lining compression from the first advance onwards, whilst, in the long term, they increase
gradually with monotonic trends that resemble time-dependent concrete creep deformations under
sustained compression. Conversely, total strains are positive for the 200h following ring erection and

adhere to temperature changes once tunnelling effects become negligible.
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Figure 5.19: Initial mean hoop strains and absolute temperatures
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b) Changes in mean longitudinal temperature

Given the typical temperature changes experienced by simultaneously backfilled CSLs, the tunnel tube
must also experience a sequential tendency to longitudinal thermal expansion. The suitability of
temperature compensation is treated here through a simplified spring model (see Figure 5.20). A more
realistic analytical model with due consideration of sequential construction and soil-structure interaction
is developed in chapter 6 to further explain the effect of temperature variations on CSL longitudinal

response.

The spring system is made of two springs in series with fixed nodes at its ends. One spring represents
the row of n rings, packers included, behind the TBM that undergo a temperature increase, n being in
the order of six according to field data. The second spring accounts for the subsequent row of m rings
with constant temperature that are allowed to move longitudinally. The ratio of restrained thermal strains
in a concrete ring within the group of n rings can be calculated with Eq. 5.11:

n  arW+arpt, 1 (5.11)
n+m arcW k

1+.°<
kp

Ryr =

where arp is the thermal expansion coefficient of packers equal to 28ue/°C; k. is the ring axial stiffness,
ko is the packer axial stiffness, W the ring width and t, the packer thickness of 2mm. Figure 5.20
illustrates the proportion of free thermal strains that can develop in such a system, with and without
packers, for various values of n and m. In a lining provided with packers and with n=6, the longitudinal
stiffness of 20 subsequent rings enables the development of 80% of free thermal strains, and 90% is
attained at m=60. A reduction in n increases the proportion of unrestrained thermal strains even for a
small number of m rings. Packers play a secondary role, although soft packers contribute to release the

longitudinal constraints for thermal expansion.
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Figure 5.20: Unrestrained thermal strain in longitudinal direction
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Figure 5.21 shows the evolution of absolute temperatures and strain increments derived from
longitudinal VWSG measurements, and calculated strain increments inferred from average ram loads
applied to each segment (which were available from TBM data). In all the segments, there is a good
correlation between calculated and temperature compensated strain increments for at least the first TBM
cycle after ring erection. This is clearly not the case for the total strains, which consistently display

smaller compression or even tension in some segments.

The above suggests that thermal strains can develop in free conditions at the early stages of tunnel
construction while instrumented rings are not fully bedded in the ground. The effect of soil-structure
interaction and sequential uneven loading is more evident in subsequent data with the apparent

divergence of field strains from the calculated strains.

The longitudinal CSL response will be fully addressed in chapter 6 with further consideration of thermal
effects. For the moment, it has been proven that temperature compensation of mean longitudinal strains
can be validated in non-bedded rings and that thermal strains may be partially restrained in bedded rings

due to soil-structure interaction.
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Figure 5.21: Initial mean longitudinal strains and absolute temperatures
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5.5.3.3. Lining response to temperature gradients
Figure 5.22 illustrates total and temperature compensated initial hoop curvatures, plus thermal gradients,
ki, measured with hoop VWSGs. The curvatures are different only within the first 50h. Total curvatures
are consistently greater than temperature compensated curvatures from the second advance, t=11h, until
t=50h.

During tunnelling and the long term stages, the total hoop curvatures are insensitive to minor spikes in
ki, suggesting that thermal curvatures must be restrained. Besides, the long term pattern of constant
curvature gradient is reached earlier in total than in compensated curvatures, t~25h and t=50h
respectively. The former time correlates well with the estimated duration of tunnelling effects (see
chapter 6). Only hoop curvatures at invert segments exhibit stepped changes that coincide with TBM
advances for a longer period. Similar trends can be observed in initial longitudinal curvatures (see Figure
5.23).
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Figure 5.22: Initial hoop curvatures and absolute temperature gradients
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5.5. Data processing methods for CSLs

The theoretical explanation of constrained thermal gradients is not obvious. Solving the elastic problem
of a bedded straight segment subjected to thermal curvatures (see Figure 5.24.a), the restrained
component, Ry, is given by Eq. 5.12:

P 1 (5.12)
kAT =" 2E I.R(1 + vg)

1+ x*  Lx3
E(T-5)

where | is the segment moment of inertia in m%m and L the segment length for hoop curvatures.

This expression leads to restrained thermal curvatures at the segment centroid of about 32% in typical
CTT conditions. Coupling forces at circumferential joints may also oppose the development of thermal
curvatures that could lead to differential displacements between adjacent rings with staggered joints (see
Figure 5.24.b). Thus, the ground restraint and coupling forces add to the thermal strains restrained in
cross-sections subjected to nonlinear temperature profiles (see section 5.5.3.1).

Despite the lack of complete theoretical grounds, total curvatures in both longitudinal and hoop
directions appear to be more representative of CSL mechanical curvatures, and therefore will be used
for the CTT field data interpretation.

a) Segment thermal curvature restrained by ground

8(x) = —(kproe — Krest ) (x? — Lx)
 2apcAT

k ree .
/ ’ h pk(x) - k?'(kfi’ee - krest)(xz — Lx)
s = T k, x Lx?
A $ ? M) = (e — Re) (T* T)
R(1+wy) Cwoo
ECIC

kfree - krest

| krest =

s Sfree

v of adjacent ring

.

Figure 5.24: Restrained thermal curvatures
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5.5. Data processing methods for CSLs

5.5.4. BOTDR data processing

With each measurement, the BOTDR interrogator provides a quadratic estimation of the BGS centre
frequency shift for each sampling point along the FO circuit. The raw centre frequency data must be
converted into interpretable data, which in strain sensing of parallel topologies subjected to non-
isothermal conditions are at least total strains, total curvatures, temperatures and thermal gradients
measured in the primary sections of each instrumented segment. Then, mechanical or structural strains

and curvatures can be obtained as required.

The general steps for data processing in geotechnical applications are outlined by CSIC (2016), being
these spatial shifting, filtering and breakdown of sensor segments. The author developed a customised
Matlab® code for the CTT optical circuit that enables the automatic calculation and display of BOTDR
strains, curvatures and temperatures in comprehensive dashboards (see Figure 5.27, p.125), also
combined with VWSG and tilt data (see chapter 8).

Given the lack of local cable pre-tensioning in this case study, which is commonly used to provide
reference positions in the optical circuits of fully bonded installations (CSIS, 2016), the author innovated
a double cross-correlation method for the identification and alignment of segment sensors based on
normalised BFS and BFS increments. Filtering was omitted to avoid masking real patterns of variable

strains.

5.5.5. Evaluation of concrete elastic properties
Figure 5.25.a compares the initial mean longitudinal strains and mean strain decrements at segment
centroids with average ram loads per segment during the first advance, AD1, and the segment unloading
during CAM4 ring assembly, ASO, respectively. The theoretical correlation between ram loads and
strains derived from the EC2 secant, Ecn=38GPa, and tangent, E.=39.9GPa, moduli of C55/C67 concrete
grades are also presented. This calculation is based on the assumption of a uniform load spread at the
hoop centreline of the segment, which has been corroborated with plane stress models of linear elastic
segments. The graph shows that the field data agrees with the linear relation inferred from both E. and

Ecm. The value of Ecn=38GPa is selected for future data interpretation.

Mean longitudinal and hoop strains at segment centroids are also plotted in Figure 5.25.b to estimate the
Poisson’s ratio,v.. The second data set of AD1, AD1 2, is dismissed as the hoop strains are already
affected by the lining pressures. A v.=0.18 provides a best fit to the remaining data points, which is
consistent with typical values obtained from static tests (Neville and Brooks, 2010), and long term v
(Bazant and Murphy, 1995).
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5.6. Comparative assessment of strain sensors

a) Evaluation of concrete Young’s modulus  b) Evaluation of concrete Poisson’s ratio
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Figure 5.25: Concrete elastic properties

5.6. Comparative assessment of strain sensors

5.6.1. Temperature study
5.6.1.1. Absolute temperatures

VWSG thermistors provided local measurements of absolute temperatures within concrete segments.
Figure 5.26.a shows the evolution of the absolute temperature distribution in a segment until 90h after
ring erection. Given that the temperature field at fixed lining depths remains relatively constant
regardless the position of the sensing points (see Figure 5.27), it can be assumed that the VWSG

measurements are representative of the temperature distribution with depth in a single segment location.

When the segment enters the tunnel, the concrete temperatures rise uniformly, from 12°C in this case to
the ambient temperature in the tunnel of about 18°C, retaining the initial thermal profile. During the
second advance, AD2, there is a rapid increase in concrete temperature driven by grout hydration. The
temperature profile at time t=18h evidences a change in temperature distribution with a minor lag in
temperature increase at the intrados caused by the poor diffusion of extrados heat. At t=90h, the segment

cross-section exhibits uniform temperature.

Nonlinear temperature profiles in segment cross-sections during tunnelling imply that mean
temperatures and thermal gradients inferred from pairs of temperature sensors depend on their depth of
installation. This dependency tends to be more pronounced in invert segments given the additional
cooling effect of water or slurry sitting on top of them. The maximum discrepancies in mean
temperatures and thermal gradients are about 3°C and 5°C/m respectively, which result in free thermal

strain differences of approximately 30+7.5ue at cross-sectional extreme fibres.

Figures 5.26.b and 5.26.c illustrate the mean absolute temperatures and thermal gradients of the

instrumented rings, computed from hoop strain gauge thermistors. All segments repeat temperature
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5.6. Comparative assessment of strain sensors

patterns which are distinctive of tunnel operations. Grout hardening and slurry storage at the invert
determine the lining mean temperature and thermal gradient distribution. Positive thermal gradients
reach a peak of around 20°C/m after 4h of grout backfilling, and mean temperatures start deflating one
day after grout hardening with maximum values of 30°C at crown and 25°C at the invert. By then, the
thermal gradients become practically zero, and from this point onwards mean temperatures decrease

smoothly at negligible gradients.

Besides grout hardening, a number of tunnel operations can be identified from lining thermal
characterisation. First, the average lining temperature appears to settle to about 22°C at t =300h.
However, a further decrease is observed from t=520h up to the end of the monitoring period when the
mean temperature reaches 15°C roughly. This change in pattern may correspond to the TBM
breakthrough. Second, the hardening of the grout between CSL and cross passage temporary works
produces sudden spikes in mean temperature and thermal gradient, the latter of opposite sign to that
developed by annular grout hardening. Third, secondary gradient peaks at the invert segments of both

rings may suggest local cooling of the tunnel invert by pouring slurry during slurry pipe extension.

a) Temperature distribution with lining depth b) CAM3: Mean temperatures and thermal gradients
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Figure 5.26: VWSG temperatures and thermal gradients
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5.6. Comparative assessment of strain sensors

5.6.1.2. Comparative performance of temperature sensing
BOTDR absolute temperatures can only be computed if at least one BOTDR measurement, e.g. the
baseline, is performed at known absolute temperature distributions, preferably a field of uniform steady
temperatures. Since baseline measurements were conducted on individual segments at ambient
conditions, the BOTDR measurements enabled only the calculation of temperature increments relative
to the baseline. Consequently, the comparison between the BOTDR and the VWSG temperature sensing

capabilities is undertaken in terms of temperature increments.

Figure 5.28.a and 5.28.b presents VWSG and BOTDR temperature increments at the extreme fibres of
the segment centroid in two segments, derived from hoop VWSGs and the central hoop temperature FO
sections opposite to the position of the hoop VWGSs. The VWSG data was linearly interpolated against
BOTDR measurement times and both the VWSG and the BOTDR temperatures converted to extreme
fibre temperatures. The figures show the segments with the best, C4, and worst, B4, agreement between

measurements.

The graphs evidence the lack of BOTDR data over certain periods of time due to the temporary
unavailability of the BOTDR interrogator.

The dispersion of BOTDR measurements, characterised by a 99% confidence level of +1.25°C, or
standard deviation of about £1°C, introduce an evident element of uncertainty in temperature sensing.
However, the CTT measurement specification resolved temperature sensing with high precision relative
to the instrument capabilities, given that the repeatability attained in standard laboratory tests at constant
temperatures is £1°C (Neubrex, 2015).

BOTDR and VWSG temperatures evolved in a similar fashion but appeared to diverge by a fairly
constant gap, more evidently in segment B4 than C4. This shift in temperature captured by sensors
located at different lining depths could be explained by the nonlinear temperature distribution with depth

of baseline measurements (see Figure 5.26.a).

Accordingly, a mean temperature difference was calculated over a 24h period with relatively constant
temperature to calibrate the BOTDR against the VWSG temperatures. After temperature correction, the
agreement between the BOTDR and the VWSG temperature increments was greatly improved,
particularly B4 (see Figure 5.28.c and 5.28.d).

Nevertheless, given the nonlinear profile of baseline temperatures, the corrected values of BOTDR
measurements are only useful to assess the BOTDR performance in regards to temperature sensing. The

original temperature increments must be input for the computation of the BOTDR strains.
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5.6. Comparative assessment of strain sensors

a) Segment B4 before calibration b) Segment C4 before calibration
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Figure 5.28: VWSG and BOTDR temperature increments at extreme fibres

5.6.2. Strain study
Given the lack of BOTDR measurements at time t=0h, the comparison of strain sensing performance
between VWSGs and BOTDR must be drawn on raw strain increments. Figures 5.29 to 5.34 show mean
strains, curvatures and strains at extreme fibres captured at CAM3 and CAM4 by BOTDR and VWSGs
in hoop and longitudinal directions. Except for the BOTDR profiles of Figure 5.33, the BOTDR
guantities are mean values of raw strain data measured over 150mm length of usable sensor segments

opposite to VWSG positions.

The BOTDR strain measurements and combined quantities exhibit a manifest degree of dispersion.
Table 5.4 summarises the mean, maximum and minimum standard deviations derived from a 24h period
of long term measurements in CAM3 and CAM4 segments. The average values are consistent with the
Neubrescope-5000X repeatability of +20ue, which indicates that, again, the CTT measurement
specification was adequate. The increase in CAM3 optical budget caused by a 2dB local power loss
within one of its instrumented segments resulted in a peak standard deviation of +35ue, which

exemplifies the sensitivity of strain repeatability to optical budget.

Table 5.4: BOTDR standard deviation within a long term 24h period

CAM3 CAM4
Standard - -
L Long. Hoop Hoop Max. Min. Long. Hoop Hoop Max. Min.
deviation ) .
Centre Side Centre  Side

Agext [pe] +21 +21 +22 +35 +16 +22 +20 +21 +25 +17

Agm [pe] 10 +10 10 +16 8 10 19 10 12 18

AK[%o] +0.12 #0.12 +0.13 +0.21 0.10 #0.13 0.12 +0.12 0.15 +0.10
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5.6. Comparative assessment of strain sensors

The figures also show that there is no significant increase in the dispersion of strain measurements
conducted under transient temperatures. However, with typical field strain and curvature data comprised
within [-300, +150]ue and [-1.5, +1.5]%o intervals, the standard deviation of the BOTDR data represents
more than 10% of peak strain quantities.

Besides the measurement uncertainty introduced by calibration coefficients, the comparison of BOTDR
and VWSG strain accuracy is hampered by several factors inherent to this particular deployment: (i)
measurement uncertainty in BOTDR temperature increments; (ii) different gauge length, position and
depth of strain gauges and DFOS at segment centroids in combination with nonuniform strain and
temperature fields; (iii) attachment method of strain sensors in cracked regions of concrete; and (iv)
uncertainty in the identification and alignment of DFOS usable sensor segments during data processing.
Consequently, data correction methods such as the BOTDR data calibration applied to temperature

increments (see section 5.6.1.2) are not appropriate for strain variables.

The comparison between the VWSG and BOTDR strain sensing must be qualitative and is based on

strains detected at segment centroids:
a) Hoop strains and curvatures:

In CAM4 segments, there is generally good agreement between BOTDR and VWSG hoop mean
strains and curvatures, including side BOTDR strains, once tunnelling effects are dissipated (see
Figure 5.29). In the tunnelling stage, differences in mean strains measured along the segment width
are caused by the sequential loading of rings with simultaneous backfill grouting, whilst divergent
curvatures may be the result of radial TBM or coupling forces acting along the ring circumference
(see chapters 4, 7 and 8).

The mismatch between the VWSG and BOTDR strain quantities in segment B4 can be explained
by the longitudinal cracking detected with the DFOS (see Figure 5.33.a). The BOTDR strain profiles
in the first TBM cycle exhibit a progressive tension increase at the intrados of the segment midpoint.
Peak tensile strains of +250ue and +300ue at central and lateral profiles respectively clearly exceed
the +130ue yield tensile strain of the CTT concrete. Such high tensile strains were not captured by
the VWSGs situated about 300mm away from the BOTDR central section (see Figure 5.30). The
B4 strain mapping reveals that (i) at least a longitudinal crack was initiated near the midpoint of the
circumferential face in contact with the ram pads and (ii) the longitudinal crack propagated beyond

the position of the BOTDR central section.

In the long term, the BOTDR intrados strains reached a plateau at null values (see Figure 5.30),
which may suggest that the crack closed at least partially with time. Conversely, the long term
VWSG intrados strains in the uncracked concrete experienced a progressive increase in compression

with time, possibly due to concrete creep.
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5.6. Comparative assessment of strain sensors

It is important to highlight here that BOTDR strain measurements are strain increments developed
from a reference measurement, not absolute strains. Additionally, concrete is an inhomogeneous
material whose mechanical properties, including the yield tensile strain, entail a certain degree of

dispersion.

Consequently, the crack detection in BOTDR strain profiles may be also driven by the combination
of certain strain patterns rather than only absolute thresholds of tensile strains. For example, the bell
shape and peak tensile strains greater than +100ue of A4 lateral BOTDR strain profiles comprised
between t=24h and t=96h may suggest the presence of a moderate longitudinal crack, in this

occasion, at the extrados of the segment midpoint (see Figure 5.33.b).

This longitudinal crack may explain the constant value of +50ue in long term lateral BOTDR
extrados strains (see Figure 5.30), which in turn leads to mean strains and curvatures greater than
those measured with strain gauges (see Figure 5.29). The reduction in lining stiffness induced by
the longitudinal crack may have triggered the longitudinal migration of hoop moments towards the

central BOTDR section, resulting in curvatures slightly greater than those at the segment side.

In the CAM4 invert segments, the BOTDR hoop curvatures differ from the VWSG hoop curvatures
from t=10h onwards (see Figure 5.29), with the BOTDR curvatures presenting the same pattern of
increase and decrease with time in both segment C4 and DA4. It is not entirely clear the cause for
such divergence, although it could be related to a delayed adjustment in coupling forces induced by
changes in longitudinal moments. The sharp fluctuations in curvature measured with the VWSGs
until t=50h are masked by the dispersion of the BOTDR data.

In the CAM3 segments, the permanent gaps between mean hoop strains measured at different
segment width positions evidence that the effect of sequential loading persisted over time in

segments C3 to KL3 without affecting the hoop curvatures (see Figure 5.31).

The B3 VWSG data logger was damaged and thus the retrieved field data is not reliable (see Figures
5.31 and 5.32). Further examination of the BOTDR strain profiles revealed that B3 was subjected
to an extremely variable hoop strain field developed from the ring assembly onwards (see Figure
5.33.¢), thus suggesting that it may be related to contact imperfections. A more in-depth examination

is tackled in chapter 8.
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5.6. Comparative assessment of strain sensors
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Figure 5.33: BOTDR damage and contact deficiency detection
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5.6. Comparative assessment of strain sensors

b) Longitudinal strains and curvatures:

BOTDR and VWSG longitudinal strains at extreme fibres of CAM4 segments follow almost reverse
trends, with the BOTDR mean strains presenting consistently greater tension and short term BOTDR
curvatures being disproportionately larger and of opposite sign (see Figures 5.34 and 5.35). Since
VWSG mean strains describe adequately the longitudinal CSL behaviour (see chapter 6), such

notable disparities in all longitudinal measurements must stem from a common physical cause.

The optical cables for the hoop loops were routed on the inside of the hoop bars with their ends
detached from any reinforcement. In the longitudinal direction, however, the loops were fixed
externally around the shear links. It would appear that the attachment method of the longitudinal
loops forced them to mimic the shear link deformations, including those caused by splitting forces
and ram pressures at the shear link ends, thus leading to the greater tension and reverse trends

observed in the BOTDR measurements.

There is a better agreement between the BOTDR and VWSG mean strains in CAM3 than CAMA4
segments although the BOTDR mean strains still present an additional tensional component (see
Figure 5.36). The CAM3 BOTDR curvatures are substantially different from those obtained from
VWSGs, particularly after several TBM cycles when the tunnel is subjected to high longitudinal
TBM moments during TBM steering around a horizontal curve (see chapter 6). This trend gives
further evidence that the measurement mismatch is associated with local deformations caused by
the concentrated transfer of longitudinal loads.
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5.7. Conclusions

5.7. Conclusions

The issues encountered in this SHM case study demonstrated the importance of a structured approach
to SHM systems design from early design stages, through the identification and analysis of system
requirements and site constraints. When a design solution relies on technology whose performance has
not been previously attested, alternative solutions must be designed in parallel to satisfactory detail so
that the project risk can be controlled in case of test failure, and the design and installation works can
be completed sequentially within rational deadlines. These conclusions are particularly relevant for
SHM systems where maturing technology such as DFOS is deployed in new working environments, and
would definitely contribute to lower costs and the risk of project failure.

It was also evidenced that an in-depth study of BOTDR measurement accuracy that tackles the effect of
nonlinear strains and concrete cracks is needed. The impact of attachment methods of embedded DFOS

on crack detection and average steel strain measurement should also be examined.

The lack of local cable pre-tensioning during the installation of DFOS in CSL segments to facilitate data
processing can be addressed with the new double cross-correlation method based on normalised BFS

and BFS increments.

In CSLs with staggered joints, temperature compensated mean strains represent net mechanical strains
in hoop direction and total mechanical strains in longitudinal direction. Total curvatures represent better

the net mechanical curvatures.

Based on the evaluation of the BOTDR performance in the CTT deployment, it can be concluded that
(i) the measurement specification was adequate for the optical budget of ring optical circuits; (ii) the
dispersion in BOTDR data determined by the deployed interrogator was excessive for the range of
measurements typical of CSLs and therefore future deployments targeting lining behaviour must select
BOTDR interrogators with higher repeatability; (iii) BOTDR strain data outperformed the +50pe
measurement accuracy expected from instrument specifications; (iv) the 500mm gauge length enabled
crack detection through the centroid fitting method; (v) distributed strain sensing can detect effectively
structural damage in concrete at serviceability states; (vi) in CSLs, DFOS in parallel topologies must
not surround shear links; and (vii) a more precise performance-based assessment of BOTDR strain
sensing would require DFOS and VWSGs with equal gauge length to be installed at the same position

and lining depth and with equivalent attachment methods.
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6.2. Longitudinal pre-stressing of tunnel lining

Chapter 6
Thames tunnel field data interpretation: longitudinal

response to sequential construction

6.1. Introduction

In grouted smooth bore tunnels, CSLs are subjected to the effects of TBM operations through the
direct interaction with various TBM parts and the impact that those operations have on lining
pressures and ground support behind the tunnel face (see Figure 1.1.a). The tunnel tube is axially
pre-stressed through the thrust forces exerted by the TBM hydraulic jacks during both excavation and
standstill. The TBM ring erector assembles a new ring within the tail skin at the end of every advance,
which leaves an annular gap between the excavation line and the lining extrados once the TBM moves
forward. Like in the CTT tunnel, the tail void is generally backfill grouted simultaneously with the
TBM advance to minimise ground settlement and provide early support to the lining.

In this chapter, the longitudinal response during and after tunnelling of the CTT near the instrumented
rings is studied in detail. Analytical rod and beam models that consider the sequential construction and
loading of the tunnels are developed to optimise the field data interpretation. A PDA method for the

identification of areas at risk of ring joint damage is also proposed.

6.2. Longitudinal pre-stressing of tunnel lining

6.2.1. Background

In a theoretical scenario where there is no longitudinal ground-structure interaction, the total
longitudinal force remaining in a tunnel tube would be the last applied by the TBM rams or restrained
by the TBM shove frames, at the end of tunnelling. However, longitudinal movements in the lining
after grout hardening can induce the migration of the tunnel pre-stressing forces to the ground, as long
as the shear yield strength of the ground-lining interface is not exceeded (Arnau, 2012; Koek, 2005a).
The lining movements can be caused by fluctuations in the magnitude of pre-stressing forces due to
tunnelling, or time-dependent deformations of longitudinal lining components, i.e. concrete segments
and packers (Arnau, 2012). The latter includes volumetric changes in packers due to material
degradation (Koek, 2005a).

Koek (2005a; 2005b) developed an analytical model to estimate longitudinal pre-stressing during

TBM construction based on the sequential assembly of a pre-stressed elastic rod in shear interaction
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6.2. Longitudinal pre-stressing of tunnel lining

with elastic ground. The solution was based on the superposition of loading states in a sequentially
extended rod that could be resolved with the second order differential equation below and pertinent
boundary conditions (Koek, 2005a):

d? 6.1.

dljc(zx) —a*u(x) =0 64)

g2 o s (6.2)
EcAc

where u(x) is the longitudinal displacement of the rod at position x, o is a stiffness factor, ks is the
ground distributed shear spring stiffness and Ac is the rod cross-sectional area. The analytical solution
assumed a continuous rod with no ring joints, although Koek (2005a) verified that the effect of ring
joints could be accounted for with relative accuracy by the adoption of an equivalent rod stiffness
(Koek, 2005a). Koek (2005a) proposed that ks could be approximated to zG, G being the ground shear
stiffness. Arnau (2012) confirmed that the stiffness of the annular grout had a negligible effect on the
axial pre-stressing of the lining.

6.2.2. Analytical solution for thermal effect on longitudinal pre-

stressing
In chapter 5, it was recognised that the longitudinal free thermal strains, caused by the exothermic
reaction of the annular grout or changes in ambient temperatures after the TBM breakthrough, were
partially restrained by the longitudinal interaction between lining and ground. Koek’s approach can be
implemented to estimate the thermally-induced strains, Aemech,n, arising in the staged construction of a

tunnel lining subjected to temperature variations.

An analytical solution is presented here with a trilinear temperature profile that displaces and develops
with the sequential assembly of the elastic rod. Figure 6.1 shows the basic loading states representative
of previous stages j that must be superimposed to solve a given construction stage i. Loading state 1
applies when the rod length L;is smaller than L1, loading state 2 when Li<L;<L, and loading state 3

when Lj>Lo.
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6.2. Longitudinal pre-stressing of tunnel lining
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Figure 6.1: Temperature loading states and boundary conditions for rod model
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6.2. Longitudinal pre-stressing of tunnel lining

The unrestrained strains at construction stage j are given by the following equations. When the

temperature profile is linear:

Eynrest(X) = acrATy whenx < Ly (6.3)
Eunrest(X) = Ciae®™ — C,ae™** whenLp <x <L; (6.4)
where:
C, = &cr (AT, e~2%LR) (6.5)
a(1 + e2a(Li~Lr))
C, = —Cy % (6.6)

When the profile is bilinear:

Eunrest (x) = acrATy whenx < Ly (6.7)
Eunrest (X) = Czae™ — Cpae™™  whenlp <x <L (6.8)
Eunrest () = Csae™ — Cgae™™  whenl) <x <L; (6.9)
where:
_ acr care ATz L oL (6.10)
Cs - 0!(1 + eZa(Lj—LR)) <AT1€ alLgr +T(e a(Lq) + ea( . R))
a
Cy= —CSeZ“Li + ﬂATzeal‘l (6.12)
2a
a
Cs = Cye™20ln + =% AT ™o (6.13)

When the profile is trilinear:

Eunrest(X) = acrATy when x < Lg (6.14)
Eunrest (X) = Coae™ — Cgae™™  whenly <x <L, (6.15)
Eunrest (X) = Coae™ — Coae ™ whenl, <x <L, (6.16)
Eunrest(¥) = Cr1ae™ — Croae™®  whenl, <x <L (6.17)
where:
— &cr —al AT, L Ly—2L
Cu = a(1+ e2*&i~Lr)) (ATle e T(e ) 4 ethimein)
(6.18)
AT e ea(Lz—ZLR))>
Cip = —Cy,e*% (6.19)
a
ClO — _ClleZaLj + ﬂAT?)ea’Lz (620)
2a
dcr - (6.21)
Co = C11 — == ATze™ L2
9 1= o0 3€
. Qe Acr 6.22
Cg = —Cy1e%%Li +ZAT3e“L2 + ZATZe“M (6.22)
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6.2. Longitudinal pre-stressing of tunnel lining

C7 —_ Cge—ZtZLR + @ATle—aLR (623)
a

Lr is the ring width; A4T1 AT, and AT are the additive temperature increments per ring at each stage
when x>L1, L, and L; respectively. The thermally-induced mechanical strains in ring k at stage i are:
ni
Emechth (xki) = Z Eunrest (xkj) - kATl when n; < nL1 (6-24)
j=n;—k+1
ni
Smech,th(xki) = Z gunrest(xkj) — kAT, — (k - nLl)ATZ when ny, <n = np, (6.25)
j=nj—k+1
ni
gmech,th(xki) = Z Sunrest(xkj) - kATl - (k - nLl)ATZ
j=ni—k+1
— (k —ny,)AT; when n; >ny,

(6.26)

where n; is the total number of rings at stage i; k is the ring number of interest counting from the free
boundary at stage i; n.1 and ni2 are the number of rings comprised in lengths L; and L, respectively.
The formulae above are verified with an ABAQUS beam spring model where each of the twenty rings
is represented by a two element B21 (two-node linear) beam with appropriate cross-sectional and
material properties (see chapter 2); the shear interaction with the ground is simulated with elastic
SPRING1 springs centred with respect to each beam; and the beams are interconnected with
longitudinal, shear and rotational SPRING2 springs of very high stiffness in order to produce rigid
connections. Figure 6.2 compares the analytical and numerical demeen,tn When xxi=L; corresponding to a

fictitious temperature profile, revealing an excellent agreement between both solutions.
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Figure 6.2: Validation of analytical rod solution for trilinear temperature profile

6.2.3. Field data interpretation on longitudinal pre-stressing
Following Saint Venant’s principle, the stress distribution in the cross-section of an elastic cylinder
subjected to concentrated longitudinal loads at its ends is equal to that produced by statically
equivalent loads as long as the cross-section is sufficiently far from its extremities. In continuous

cylinders, the distance to the load application area required to verify the above statement would be a
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6.2. Longitudinal pre-stressing of tunnel lining

few times their mean diameter. In CSLs, the length of the transition zone from the individual
longitudinal compression of segments to the longitudinal bending of a monolithic ring is less clear,
given that the load transfer is realised through friction at the longitudinal joints of radially compressed
rings, and via the staggered configuration of longitudinal joints in adjacent rings.

For the CTT study on longitudinal pre-stressing, the elastic rod solution is first applied individually to
each instrumented segment. Early divergences between predicted and measured longitudinal strains
may indicate either contact deficiencies between adjacent segments or a notable effect of longitudinal
bending, which is excluded from the rod model. Then, the predicted and field mean longitudinal

strains of instrumented rings are compared.

The total mechanical strains derived from VWSG measurements were corrected (i) to match the
longitudinal strains inferred from the TBM axial compression of instrumented segments after ring
assembly, thus removing the initial impact of assembly imperfections; and (ii) to eliminate the Poisson
effect associated with hoop pressures in a multiaxially loaded lining based on zeroed hoop strains, in

turn previously corrected against transverse deformations caused by longitudinal strains.

6.2.3.1. Selection of input loads
The longitudinal ram loads applied onto the lining undergo sharp changes within each TBM advance;
hence, the impact of the input load selection criterion on the prediction of mechanical strains must be
examined. The load sets under consideration are average and last ram loads per advance acting on
individual segments, together with loads that compute a TBM moment equal to the last loads but with
a plane distribution, i.e. representative of a monolithic ring subjected to longitudinal bending and away

from the transition zone.

Figure 6.3 illustrates the evolution with time of field longitudinal strains, longitudinal strains
computed from TBM ram loads and longitudinal strains calculated through a CTT sequential rod
model subjected to the load sets described above that excludes thermal effects. For the analytical
solution, the cross-sectional properties of the standard CTT segments were adopted (see chapter 2), Ec
was taken as 38GPa and the ground Young’s modulus Es was 200MPa, which laid within the CTT’s

range of variability.

The analytical strains calculated from average, last and last equivalent loads are quite similar, with
peak discrepancies of about 25ue. They tend to be responsive to ram load changes and are comprised
within the bandwidth defined by the ram loads for the first 48h, after which the analytical strains are

kept constant.

The measured strains also become less sensitive to ram load changes with time. However, the
analytical strains fail to predict accurately the field strains in most segments. For example, in the least

longitudinally loaded segments situated on the left side of the tunnel horizontal curve, i.e. C3, D3, E4,
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6.2. Longitudinal pre-stressing of tunnel lining

KL4, the measured strains become small in the second TBM cycle, exhibiting values occasionally
close to zero. The early gap between analytical and measured strains remains roughly constant in the
following cycles, which suggests that it may be linked to the higher risk of contact imperfections in
poorly longitudinally compressed segments as evidenced by published numerical studies (Mayer et al.,
2009). The incidence of contact imperfections in the CTT rings will be further discussed in chapter 8.

Conversely, the strains measured in the right side segments either agree with or exceed the analytical
predictions. The discrepancies, encountered mainly in CAM4, tend to increase as the TBM steers
around the left curve, particularly between cycle 4 and cycle 7, even after considering the
redistribution of uneven ram loads through the equivalent last load set. The divergences developed
with time after several advances are associated with the longitudinal bending of the tunnel, which will

be tackled in section 6.4.

At about 48h after the first advance, the field strains of all segments exhibit a gradual reduction in
compression over time that mirrors the in situ temperature profiles, indicating that the thermal
deformations caused by time-varying temperatures must be partially constrained (see chapter 5). The
effect of lining temperature changes typical of simultaneously backfill grouted tunnels on its

longitudinal pre-stressing will be examined in the following subsections.

The accurate prediction of E3 in situ strains before 48h suggests that this crown segment is free from
contact imperfections and situated near the bending axis of the tunnel tube, which makes it a
satisfactory baseline for the selection of the most representative load set. Despite the minor differences
in the analytical strains computed, the last load set provides a better approximation to the in situ strains

and will be used hereafter.
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Figure 6.3: Selection of rod model parameters: ram loads
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6.2. Longitudinal pre-stressing of tunnel lining

6.2.3.2. Selection of rod model parameters
Before focusing on the effect of temperature changes, a sensitivity analysis on ks, Ec and packer
stiffness, Ep, is conducted to identify the set of input parameters that enable the most accurate

prediction of in situ strains.

Neither the expected range of uncertainty of Es, between 136MPa and 250MPa (Crossrail, 2014), nor
the consideration of instantaneous or secant concrete modulus, 38GPa and 39.9GPa respectively

(EC2), signify a noticeable change in analytical strains, 10pe at most.

The effect of the packer stiffness can be considered in Koek’s solution through the adoption of an
equivalent rod stiffness (Koek, 2005a). The influence of either stiff packers, E,=275MPa, or soft
packers, E,=88MPa, is limited (see Figure 6.4). The analytical strains become less responsive to
changes in longitudinal loads.
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Figure 6.4: Selection of rod model parameters: packers

The incidence of concrete and packer creep is investigated by comparing the field strains with those
obtained from ABAQUS rod models. The segments and packers were simulated with two-node linear
beams interconnected through very stiff translational and rotational springs. Creep effects were tackled
through the so-called reduction stiffness method (Neville et al., 1983). Despite this method implying
the application of the deferred load increments onto softer material, it is deemed sufficient for the
study of CSL longitudinal pre-stressing, given that the loading magnitude of initial advances is

comparable to following loads.

The concrete creep is approximated through the general EC2 creep model for a C55/67 concrete grade
and outside conditions (BSI, 2010). The creep function of plywood packers, ¢w, was obtained from the
calibration of a typical logarithmic formula for wood creep (Holzer et al., 1989) to Bengtsson’s lowest

compression creep tested in wood at 90% relative humidity (Bengtsson, 2000):

0.75 (6.27)

where t is the time elapsed in days from load application.
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6.2. Longitudinal pre-stressing of tunnel lining

The comparison of field and predicted strains in segment A4 (see Figure 6.5) evidences that the
numerical models including concrete creep, as opposed to the models with constant concrete stiffness,
overestimate the early in situ strains. Indeed, the CTT concrete mix exhibited a low initial creep rate
(see chapter 8).

The rod models without packers that consider the effects of time-varying temperatures result in strain
variations after 48h that are in excellent agreement with the field data. Conversely, the presence of
packers without creep flattens the long term response. The packer creep reverses the trend back to

decreasing compression, although with patterns that diverge from those experienced in situ.

It can be inferred from the above that concrete creep may not be relevant for the evolution of the CTT
longitudinal pre-stressing and that the contribution of previously compressed plywood packers to
longitudinal force equilibrium must be negligible, possibly as a result of compression stiffening.
Consequently, the rod models with E;=38GPa, E;=200MPa and no packers are considered the models
that can reproduce better the evolution of the CTT longitudinal pre-stressing during construction and

under time-varying temperatures.
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Figure 6.5: Selection of rod model parameters: creep effects

6.2.3.3. Relaxation of longitudinal pre-stressing at varying temperature
The thermal effects of time-varying temperature on the CTT longitudinal pre-stressing are examined

first on individual segments (see Figure 6.6) and then on the rings altogether (see Figure 6.7).
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6.2. Longitudinal pre-stressing of tunnel lining

The rod numerical models of segmental sections with rigid packers, no concrete creep and subjected to
in situ temperature profiles predict with excellent accuracy the longitudinal decompression that arises
in all segments after 48h and for the following 3.5days. The simulations stop at t=128h due to the
unavailability of following TBM records. However, it is confirmed that the gradual relaxation of
compressive strains within the tunnelling phase is solely caused by the temperature changes in the
lining.

The mean in situ longitudinal strains of both instrumented rings show that the temperature profile
typical of simultaneously backfill grouted tunnels during tunnel construction leads to significant
longitudinal pre-stressing relaxation in the months following construction until the high temperatures
produced by grout hardening are lowered to ambient levels. For a given tunnel, the extent of the
relaxation depends only on the ground stiffness and the temperature profile given by the grout mix and
the tunnel ambient temperature. For example, in the CTT, total compressive strain reductions of 25pe
and 50ue, equivalent to 43bar/ram and 85bar/ram, are exhibited by both rings before and after the
tunnel breakthrough. The final tunnel relaxation corresponds to 40% and 50% of the early pre-

stressing experienced by CAM3 and CAM4 respectively.
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6.2. Longitudinal pre-stressing of tunnel lining

a) Field and predicted mean longitudinal strains
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Figure 6.7: Tunnel relaxation due to time-varying temperatures

If the long term tunnel relaxation at constant strain due to creep (Arnau, 2012) is added, it is
reasonable to expect that the longitudinal force in the long term will be small and the ring interaction
limited. Thus, the performance of CSLs subjected to significant ovalisation loads should deteriorate

with the progress of tunnel relaxation (see chapter 4).

The analytical solution for an approximate trilinear temperature profile reproduces with great accuracy
the numerical strains based on the CTT in situ temperatures and can be used as an effective tool for the
prediction of residual longitudinal strains after tunnel construction. Consequently, the deployment of
this analytical solution enables the asset owner to assess the longitudinal strains remaining in the

structure at a given age, providing that in situ temperatures have been monitored during tunnel

153



6.2. Longitudinal pre-stressing of tunnel lining

construction and TBM records on ram loads are made available (see Figure 6.8). The longitudinal

force can be derived once the long term creep effects are evaluated with Arnau’s (2012) solution.

In situ TBM records on
temperatures ram loads
during construction \

Analytical solution for
thermal effects during [Gil Lorenzo]
construction

Residual longitudinal
strains after construction

!

Remaining Compression
Factor (RCF) approach [Arnau]
(Arnau, 2012)

I

Longitudinal force in
structure at given age

Figure 6.8: Prediction of longitudinal force
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6.3. Lining pressure gradients

6.3. Lining pressure gradients

The history of lining pressures during construction defines the radial loading state supported by a
tunnel that, together with its boundary conditions and the TBM loads, determines its 3D structural
response. The evolution of lining pressure gradients is, in particular, key to the longitudinal beam

behaviour of the tunnel.

In this section, the CTT pressure gradients are analysed with the support of published literature to date
on lining pressures in CSLs simultaneously backfilled with cementitious grouts. Given that the in situ
measurements of lining pressures around CSLs grouted with BGs are scarce in the published literature
as opposed to the detailed research conducted on grout pressures of CSLs backfilled with mortar
grouts (MGs), the background comprises a brief summary on material properties of both MGs and
BGs relevant to tail void pressures followed by a review of the theoretical framework developed for
MGs and the trends in field annular pressures of BGs in past projects.

6.3.1. Properties of cementitious grouts

6.3.1.1. Traditional grouts
Traditional grouts are bentonite-cement mortars made of sand, fly-ash, cement, bentonite and additives
(Henn, 2003) with densities in the order of 2000kg/m®. The bentonite reduces bleeding and
permeability, which in turn enhances mix homogeneity in detriment of flowability and compressive
strength (Peila et al., 2011). Bentonite-cement grouts require several injection ports to prevent void

formation (see Figure 6.9.a) and gain strength slowly with hardening times.

Movement in fluid and plastic grouts is initiated only if the shear stress exceeds the initial yield value
at zero shear rate, i.e. initial shear strength or cohesion, and the shear stress required to sustain the
flow increases with the shear rate (Henn, 2003). In Bingham fluids such as grouts subjected to the low
velocities realised in the tail void, the wall shear strength and the grout density are the most relevant

parameters for the prediction of grout flow (Talmon et al., 2001).

Talmon et al. (2002) investigated the rheology of MGs with various laboratory experiments. Bespoke
experiments resembling flow conditions in the tail void were conducted to obtain wall shear stresses
for a wide range of velocities prior to grout hardening. It was found that the external shear stresses at
the grout-lining interface were small, around 50Pa, due to the formation of a thin lubricating film.
Lubrication was caused by the segregated flow of the liquid component through the sand grains in the
vicinity of the wall. At the soil-grout interface, however, it was argued that the penetration of
cementitious fluid onto the ground could create a compact and irregular ring around the tail void
where a lubricating film could not be formed. It was expected for wall stresses at the grout cake to be

higher but in the same order of the grout yield stress, i.e. several kPa.
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6.3. Lining pressure gradients

The early strength of the grout at the tail void determines its capability to deliver lining support at the
back of the tail skin as the TBM advances. Bezuijen and Talmon (2005) proposed a full-scale
consolidation test to evaluate consolidation in confined MGs subjected to external pressures and
possibly undergoing hardening. This test confirmed that grout consolidation in permeable soils
substantially increases the early strength of MGs prior to hardening. In impermeable soils, however,
the early strength is defined by the hardening time, in the order of 4h, and the compressive strength

curve.

6.3.1.2. Bicomponent grouts
BGs were introduced in Japan in the eighties and since then their market share has grown steadily due
to their advantageous properties against traditional mortars (TAC Corporation, 2017; Feddema et al.,
2006; Antunes, 2012; Peila et al., 2011).

These highly mobile grouts are made of a superfluid grout, i.e. the A component, which is stabilised to
ensure workability until an accelerator, i.e. the B component, is added at the injection port (Peila et al.,
2011). BGs have been specifically designed for quick grout setting and very high early strengths,
which dramatically shorten the unsupported length of tunnels, L,. In addition, superfluid BGs are
generally injected from two ports, one at each tail skin shoulder like in the CTT tunnel (see Figure
6.9.b). With specific densities close to 1000kg/m3, the buoyancy forces also decrease.

BGs undergo a phased chemical reaction after mixture. In the liquid state, the grout presents very low
viscosity and can flow around the ring circumference very effectively (Talmon et al., 2001), reducing
the likelihood of voids in the grout annulus. The liquid grout gels in some seconds and acquires a
plastic clay-like consistency with relatively constant shear strength (Peila et al., 2011). Gel times
found in the literature range between 10s and 60s (Talmon et al., 2002; Peila et al., 2011), depending

on the test method and grout mix.

The shear strength before hardening reaches values in the order of kPas, although it is highly
influenced by the test method. For example, the shear strength of a certain mix was estimated to be
about 10kPa with pocket penetrometers tests, 1kPa with vane tests and 0.1kPa with vane tests on
remoulded samples (Talmon et al., 2001; 2002).

Grout hardening can be initiated in minutes, typically in half an hour (Antunes, 2012; Peila et al.,
2011). Depending on the grout mix and homogeneity, the compressive strength can range between
30kPa and 300kPa in an hour (Antunes, 2012; Peila et al., 2011) and reach 1MPa in 24h (Hashimoto et
al., 2006, Talmon et al., 2002). Talmon et al. (2002) experiments evidenced the formation of a
lubrication film in the flow of BGs by mechanical rupture of the grout chemical structure at the grout-
lining interface, resulting again in wall shear stresses in the order of 50Pa. At the grout-soil interface,

static drained experiments on confined saturated layered samples of grout and sand subjected to
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6.3. Lining pressure gradients

normal pressures confirmed that fluid loss was significantly smaller in BGs, thus enhancing settlement
control.

In this respect, the CTT grout properties routinely tested fit the general characteristics of BGs: density
of about 1250kg/m3, gel time around 15s and 24h compressive strength between 1.5MPa and 2.0MPa
(Crossrail, 2014).

a) CSL simultaneously backfilled with MGs b) CSL simultaneously backfilled with BGs

Indicative position of

Indicative position of
injection port

injection port

Grout annulus

Grout annulus

Shield tail Shield tail

Concrete lining

Concrete lining

w/’ Ergond /

Figure 6.9: Typical injection ports for MGs and BGs

6.3.2. Lining pressures in CSLs backfilled with MGs
Dutch researchers developed theoretical models of grout behaviour within the tail void, supported and
validated with laboratory tests and field monitoring experiences. The aim of their research was to
improve settlement control reliability and to investigate the influence of backfill grouting on lining
behaviour during construction, when most segment damage occurred (Bezuijen et al., 2004).

Short-term lining pressures were measured in several tunnels with pressuremeters installed at the
extrados of the monitoring rings. It was found that, during each advance, the crown pressures
remained close to the injection pressure at upper grout ports for several advances and then dissipated
with time down to values slightly higher than hydrostatic pressures (see Figure 6.10.a). In early
advances, the pressures in the annular gap increased with the progress of active backfilling. A sudden
drop of grout pressures consistently occurred at the beginning of each advance, induced by the delayed

activation of the grout pumps.
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Figure 6.10: Lining pressures in MGs backfilled CSLs (after Bezuijen et al., 2004)

When the grout was injected with equally distributed flow rates around the ring perimeter, e.g. in the
Sophia tunnel, the lining pressures were roughly linear with depth in each measurement. At early
advances, the vertical pressure gradients, gy, first rose up to grout static values and then decayed
slightly due to the downward grout flow (see Figure 6.10.a and 6.10.b). After several advances, the
above trends during backfilling were reversed. Overall, however, the vertical gradients decreased over
time from values close to grout static to lower than hydrostatic gradients.

The research evidenced the interdependency between backfill process, grout material, and lining
response in early stages of the lining design life. Bezuijen et al. (2004) distinguished three stages in

the history of lining pressures driven by different mechanisms (see Figure 6.10.c):

a) Stage 1 near the TBM:

During backfilling, the lining pressures were predominantly governed by the flow of fresh
grout. During standstill, grout consolidation led to progressive pressure decay.

b) Stage 2 between stage 1 and 3:
The pressure gradients were affected by the ground deformations and the lining deflections

caused by the longitudinal bending of the tunnel, the latter triggered by the action of the uplift
forces and TBM ram loads.

¢) Stage 3 far from the TBM:
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The grout yield stresses were sufficiently high to counteract the uplift forces through ring

vertical equilibrium.

6.3.2.1. Theoretical models for the prediction of grout pressures in stage 1
Talmon et al. (2001) proposed a grout flow model to predict and estimate grout pressures near the
TBM and during active backfilling. The model assumed a steady shallow flow in a two-dimensional
space with constant thickness moving with the TBM; thus changes in flow rate during TBM advance
were not contemplated. The model confirmed that the injection protocol, the wall shear strength of the
grout, the tail void thickness and the grout density determine the distribution of lining pressures while
the grout is workable (Talmon et al., 2001).

Numerous examples validated with field data (Talmon et al., 2001; Bezuijen et al., 2004) showed that
the number and location of injection ports and the injection flow rates affected the pressure
distribution in the first metres of TBM advance. Equally distributed flow rates led to nearly hydrostatic
pressures. This was not the case for asymmetric or uneven flow due to either the injection strategy or
clogging of the grout ports (Talmon et al., 2001).

Bezuijen and Talmon (2009) argued that when the grout injection is resumed, the soil deforms
elastically and the tail void formerly grouted widens and receives the fresh grout, which disrupts the
development of shear stresses with time. Consequently, the vertical gradients keep increasing in every

advance until the grout has sufficiently hardened.

The grout consolidation during standstill is only possible under the following conditions: (i) there is an
excess pore pressure in the grout layer; (ii) the grout material and soil interface are permeable; (iii) the
grout is not fully hardened (Talmon and Bezuijen, 2009b). The grout consolidation is initiated by fluid
loss at the permeable soil-grout interface, which leads to the progressive formation of a consolidated
grout layer, the grout cake. An indication that grout consolidation ended is that the lining pressures

become stable in a complete TBM cycle (Talmon and Bezuijen, 2009b).

In standstill, the volume loss in the grout layer due to bleeding unloads the soil at the grout-soil
interface and the excess pore pressure decays as grout consolidation progresses. Pressure dissipation
occurs quicker in stiffer soils as small ground deformations incur in high reductions of interface
pressures. Talmon and Bezuijen (2009b) developed a one-dimensional consolidation model valid to
predict decay and grout cake thickness, which is important to characterise the overall stiffness and
yield strength of the grout layer (Talmon and Bezuijen, 2006). The effect of grout consolidation on
yield strength is relevant for grout flow and lining support prior to grout setting in tunnels constructed

in permeable soils only (Bezuijen and Talmon, 2009).
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6.3.2.2. Theoretical models for the prediction of grout pressures in stage 3
Vertical pressure gradients around a fully founded tunnel are dictated by net buoyancy forces. Vertical
equilibrium is first reached through the frictional forces developed at the annular grout along the ring
circumference. The restoring downward pressures are proportional to the average wall shear stress that
can develop at grout-lining and grout-ground interfaces. Bezuijen et al. (2004) model enabled the
calculation of theoretical peak vertical pressure gradients which agreed well with those regressed from
field data measured away from the TBM. The average wall shear stress, and subsequently the grout
yield strength (Talmon et al., 2002), required for the two-dimensional balance of uplift forces could
also be estimated. It then followed that, if the grout yield strength curve with time was known for a
given tunnel excavated at a certain speed, the tunnel unsupported length, L., could also be evaluated.

6.3.2.3. Theoretical models for the prediction of grout pressures in stage 2
The numerical modelling of the tail void grout, with consideration of grout flow, grout hardening and
consolidation, vertical lining movements and soil deformations confirmed the smooth evolution of
pressure gradients characteristic of this stage, which could be approximated to a linear decline for

structural models (Talmon and Bezuijen, 2006).

6.3.3. Lining pressures in CSLs backfilled with BGs
In this case, the field measurements in past projects have not always conformed to the MGs’
theoretical framework. For instance, Talmon and Bezuijen (2005) reported vertical pressure gradients
in the first advance of a Botlek tunnel monitoring ring greater than 40kPa/m, followed by an
instantaneous drop to gradients below -10kPa/m (see Figure 6.11). From the second to the third
advance, at which point the measurement reliability was jeopardised by grout hardening, the gradients
were stabilised to 5kPa/m. It was interpreted that a 5SkPa/m constant gradient indicated that vertical
equilibrium was achieved at the second advance. It was also suggested that the marked fluctuations
detected in the first advance could be the result of lining movements at the exit of the tail skin

conflicting with hardened grout previously injected.
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Figure 6.11: Example of vertical pressure gradients in BGs backfilled CSLs (after Talmon and Bezuijen, 2005)

Conversely, Hashimoto et al. (2002; 2006) noted that lining pressures measured during simultaneous
backfilling were quite uniform along the ring circumference, leading to small pressure gradients
without dramatic oscillations. This uniformity in lining pressures was attributed to the plastic state and
homogeneity of BGs before hardening. Asymmetric distributions occurred when backfilling was
conducted with one lateral injection port, although lining pressures converged progressively to a more

uniform distribution with time.

Koyama (2003) pointed that high injection pressures could lead to uneven lining pressures in the short
term, but associated the latter to the contact of rings with steel wire brushes while exiting the tail skin.
Feddema et al. (2006) counted more damage events in rings grouted with BGs than with MGs without

providing an explanation for such difference.

6.3.4. Field data interpretation on pressure gradients
Figure 6.12 shows the pressure gradients in both rings developed with time and TBM swept distance,
SD, measured in number of rings. The pressure gradients are calculated from the mean lining pressures
of crown and invert segments in the case of vertical gradients and springline segments for horizontal
gradients. The lining pressures are computed from field strain data, as explained in section 8.3, p.226,
and thus the pressure gradients include not only the effect of the external pressures but also the

influence of the ring selfweight and the tangential stresses at the grout interfaces.

The evolution of vertical gradients in the two rings is comparable to that observed in the Botlek tunnel

(see Figure 6.11), which increases the confidence on the reliability of the CTT field pressures.

The CTT vertical gradients are near zero by the end of the second advance, AD2, in both rings, with a
deviation in CAM3 when SD lies between 3ring and 5ring. There are minor fluctuations in both rings
when SD~=12ring. Null steady gradients of strain derived pressures indicate that there is vertical ring

equilibrium.
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Ring equilibrium is typical of fully founded linings. The grout annulus enables the interfacing
frictional forces and transfers the passive ground reaction that can counteract the uplift forces. It can
be inferred that the instrumented rings reach a full bedding condition at about SD~2ring, i.e. 3.2m
away from the TBM, which agrees with the expected completion rates of BG hardening 12h after
injection.

The horizontal gradients of the fully founded rings converge to constant absolute values in the order of

15kPa/m as a result of the tunnel deflection caused by the TBM steering around the horizontal curve.

During the passage of the instrumented rings through the shield tail, both rings exhibit vertical
gradients that far exceed the grout static value of 12.3kPa/m. For example, in the first advance, AD1,
the vertical gradients peak to near 60kPa/m and 20kPa/m in CAM3 and CAM4 respectively and, in the
first half of AD2, the gradients are still kept at 40kPa/m and 20kPa/m. The vertical gradients decrease
during AD2 and approach zero once the rings are outside the tail skin, i.e. by the end of AD2.

During the first assembly, ASL, the rear of the rings is already subjected to grout pressures while the
front is still surrounded by the sealing system. The pressure gradients oscillate around the values
beyond grout static: in CAMS3 there is a sharp drop to 40kPa/m followed by a period of constant
gradients; in CAM4 the gradients fluctuate around 20kPa/m. These variations, particularly in CAM4,
indicate that either the contribution of grout pressures to the pressure gradients is small or that the
grout consolidation is negligible or uniform. The fluctuations may be associated with segment

movements during erection of the next ring.

Similarly to the vertical gradients, the horizontal gradients grow to absolute peaks near 20kPa/m in the
first TBM cycle, fall to almost null values by end of AD2 and remain constant during AS1 at least for
CAM3.

Overall, the magnitude of vertical gradients beyond grout static during the ring passage through the
tail skin, the sudden pressure gradient dissipation afterwards and the rough preservation of gradients
during AS1 suggest that the high gradients in the first two cycles, namely stage 1, are caused by the
physical interaction of the rings with the TBM, more specifically the sealing system, rather than grout

flow.

There is an intermediate stage, stage 2, where both vertical and horizontal gradients transition
smoothly towards the steady state. The general changes within this stage can be linked to the tunnel
deflections caused by the uplift forces and the ram loads required to steer the TBM around the
horizontal curve. The tunnel beam response and its effect on lining pressures will be studied in full
detail in section 6.4 and chapter 8. The decrease with SD in the amplitude of pressure gradient
oscillations during assembly supports the idea that in this region the changes in tunnel deflections still

affect the lining pressures.
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The minor fluctuations captured in the vertical gradients of both rings between SD=11ring and
SD=13ring may reflect the local impact of the backup trail wheels passing over the rings.
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Figure 6.12: CTT pressure gradients
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6.4. Beam response of tunnel lining

In this section, the longitudinal beam response of the CTT tunnel is examined with the aid of an
existing analytical beam model, enhanced to consider the change in TBM ram loads with construction
stage. The expression of a realistic input bending stiffness for CSLs with closed ring joints is also

derived and validated with 3D FE joint models.

The model calibration against the CTT field data offers an excellent opportunity to validate the
analytical model as a reliable tool for the prediction of CSL longitudinal behaviour. The field data
interpretation is an example of how the calibrated model can be deployed to infer the in situ
longitudinal response of TBM-built tunnels during construction and to identify tunnel sections prone
to structural damage during and after tunnelling, enabling the asset owner to plan inspections and

maintenance works in a more rational manner.

6.4.1. Background

Bogaards and Bakker (1999) developed an analytical model to evaluate the beam response of a
sequentially assembled semi-infinite elastic beam on a uniform elastic foundation based on the
superposition of internal forces and deformations produced at each assembly step. The solutions
encompassed the action of UDLs representing buoyancy forces, and constant point transverse loads

and moments representing TBM forces.

The cumulative internal forces thus calculated confirmed that the sequential construction was
responsible for a constant bending moment remaining in the lining at distances far from the tunnel
face, which had already been observed in the Second Heinenoord tunnel pilot project (Bogaards and
Bakker, 1999). It was also proved that transient internal forces estimated within the influence zone of
mechanised tunnelling were greater in sequential than simultaneous models (Hoefsloot, 2009). The
residual moment may have an impact on the quality of long term ring coupling; the construction
moments and shear forces may lead to concrete damage or gasket performance degradation (Bakker,
2003).

Over the years, Bogaards and Bakker (1999) analytical solutions have been enhanced with corrections
verified through bedded-beam numerical models (Hoefsloot, 2007), completed with solutions for
UDLs over limited lengths (Hoefsloot, 2007) and combined with grout theories to estimate lining
pressures affected by vertical displacements of the lining (Debrauwer et al., 2003). However, the
lining bending stiffness and the modulus of subgrade reaction usually needed to be tweaked to
convenient values so as to obtain good approximations to in situ measurements, even if all the other

input parameters were well known (Hoefsloot, 2009; Talmon et al., 2009c).
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6.4.2. Enhanced analytical solution for tunnel beam response
The following analytical model provides a solution for a sequentially assembled and loaded
semi-infinite elastic beam supported on a uniform elastic foundation with a free boundary at the TBM-
lining interface and an unsupported length, Ly, of two rings behind the TBM. Following Bogaards’
approach, the solution consists in the summation of structural responses to various loading states
repeated over the beam construction sequence with the novelty that the magnitude of TBM loads can

vary with construction stage.

Figure 6.13.a illustrates the set of structural loads that can act on the bedded beam at a given
construction stage i. The origin of the beam axis is situated at the free end. The loads under
consideration are a concentrated moment, M, and transverse point load, Vi, acting at the origin; a
UDL, q, distributed over the founded length of the tunnel; and UDLSs, p1;, and p»,;, applied on L.

Mi and Vi are the moments and transverse forces exerted by the TBM on the lining. The UDLSs
represent the unbalanced component of lining pressures at stage i of lining pressures before any
interaction with the ground. For example, in the vertical direction, q is equal to:

q = gwnR? — g.2nR,h (6.28)

where gy is the water specific weight, Re is the external tunnel radius, g. is the concrete specific
density, Rn is the mean tunnel radius and h is the lining thickness. In the horizontal direction q is zero.

The net pressure gradients resulting from the tunnel beam deflection are an output of the beam model.

The UDLs within L, are expressed in a similar manner, although the effect of selfweight is already

included in the in situ lining pressure gradients. For instance:
P1i = 91i RS (6.29)
where @i is the pressure gradient in a given direction acting on ring k=1 at stage i.

The weight of the TBM backup trail in the CTT is unknown by the author and not considered in this

model.

The load combination typical of a construction stage i is subdivided into recurrent loading states (LSs)
repeated throughout the sequential tunnel construction (see Figure 6.13.b), which enable the
application of stage-varying loads with the exception of g. Within L, the internal forces for each LS
can be easily calculated. Within the bedded-beam, the analytical solutions for loading state 1 (LS1)
and 2 (LS2) rely on Young and Budynas (2002) formulae for semi-infinite beams on elastic
foundations with a concentrated transverse load and moment acting at the free end. Loading state 3
(LS3) combines the above solutions with Hoefsloot’s equations for a semi-infinite beam on an elastic
foundation subjected to a UDL over a limited length (Hoefsloot, 2007). The sequential superposition
of loading state 4 (LS4) is resolved through Bakker’s approximate solution (Hoefsloot, 2007). The

internal forces, slope and deflection within the fully bedded beam section at construction stage i
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resulting from the sequential application of combined point loads or moments in LS1, LS2 and LS3

can be computed from the equations below:

0 (6.30)
My () = Z Mje_ﬁ(xf_ZLR) (cos (,B(xj - ZLR)) + sin (ﬁ(xj - ZLR))) + My _iers
j=nj—k+3
n (6.31)
Qui(xy) = 2 Z M;Be~P(xi=2LR) sin (B(xj - 2LR))
j=n;—k+3
ni (6.32)
yMi(xki) = - Z Yj + A(pni—k+2LR + A(pni—k+1LR + ybeam,ni—k+2 + ybeam,ni—k+1
j=nj—k+3
o (6.33)
MQi(xki) = Z —je_ﬁ(xj_ZLR) (sin (ﬁ(x] - ZLR)))
L B
j=n;—k+3
n; (6.34)
Qi (xyi) = Z Q]-e-ﬁ(x]'-ZLR) (cos (B(xj — ZLR)) — sin (,B(xj — 2LR))) + Q;li_k”
j=nj—k+3
M, (6.35)
j — —
Yoi (Xki) = Z TV E P(xj=2LR) cos (,B(xj - 2LR))
j=nj—k+3
L 6.36
M; = Myj = Myj_y + Myj + My=My; — My + (2Q1; — Quj—1)Lr + (3P1j + p2j — Plj—l)f (6:36)
Q; = Quj = Quj1 + Qp;=Quj — Quj—1 + (p1j + P2j — Prj-1)Lr (6.37)
M. ' (6.38)
(x:) = ——J _ o=B(xj=2LR) (g - - o
y; (xix) 2EIf e Plxj=2Lr (sm (B(x] ZLR)) cos (B(x] 2LR)))
' Ly (6.39)
My, k12 = Myni—k+2 + 2Qvn;—k+2Lr + (3p1,ni—k+2 + Pz,ni—k+2) >
Qn—k+2 = Quny—ksz + (Ping—k+2 + Pong—k+2)Lr (6.40)
A(pni_k+2 — y‘ni—k+4—L_ yni—k+3 (641)
R
A(pni_k+1 — y‘ni—k+3L_ yni—k+2 (642)
R
xp =0 —ni+k)lg (6.43)

(6.44)
_ * Kot
b= }4E1

where Kk is the ring number counting from the origin at the construction stage i of interest; i is the
distance of ring k from the origin at stage i; Mwmi, Qmi, @mi and ymi are the moment, shear, slope and
deflection caused by the succession of combined concentrated moments; Mqi, Qqi, qi and Yo are the
moment, shear, slope and deflection caused by the succession of combined concentrated shear forces;
X;j is the position of ring k at a precedent construction stage j; Yoeamnik+1 and Yoeamnik+2 are deflections
produced at ring k in first and second stages after ring k assembly; K is the foundation modulus and
El is the lining bending stiffness. The outline of the matrix solution for spreadsheets is also given in
Figure 6.13.
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a) Load combination and boundary condition at construction stage i
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6.4. Beam response of tunnel lining

b) Basic loading states at construction stage i
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Figure 6.13: Loading and boundary conditions of bedded beam model at construction stage i
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6.4.3. Input data for analytical solution

6.4.3.1. Expression of lining bending stiffness
An equivalent bending stiffness Eleq of the lining must consider the softening effect of circumferential
joints, whose behaviour is analogous to that of flat longitudinal joints (see chapter 2). ABAQUS FE
simulations of a free linear elastic ring rotating against a fully fixed ring after initial pre-stressing were

performed to evaluate Eleq (See Figure 6.14).

Example of lining bending stiffness

8.E+4 3D model: Opened joint

7.E+4 / |

6.E / —
— 6.E+4 \
-.E._ 5.E+4 /{aw' ?m! <
E 4.E+4
= /
— 3.E+4

i'?: / Closéd joint

B+
0.6+0 N=1500kN/ram
0 0.0025 0.005 0.0075 0.01
6 [rad]
——Analytical —3D numerical

Figure 6.14: Lining bending stiffness

It was assumed that the nominal contact area at the circumferential joint was a ring with thickness
equal to that of the packers. The MR curves derived were representative of combined joint and ring
behaviour. It was corroborated that the stiffness remains constant until reaching a yield moment M, at
imminent joint opening. Once the circumferential joint opens, the instantaneous stiffness decreases

progressively and MR curves approach an asymptotic moment with infinite rotation.
M, can be expressed as:
_ Ny (6.45)

®  ARp
where 1; is the moment of inertia of the close joint, A; is the cross-sectional area of the joint, Ry is the
mean ring radius and N is the initial pre-stressing force. The corresponding eccentricity e, depends
only on joint geometry. Using Liao et al. (2008) nomenclature, the total rotation & induced by a
moment M <My can be expressed as:

o Ml; Ml s M, (6.46)
 Elyo Elg El

where Ir is the moment of inertia of the ring, Is is the segment width and I is the influence length of the
circumferential joint. The FE simulations confirmed that 1i=4R. The longitudinal bending stiffness of

a lining with close joints Eleqo can then be formulated by:
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Elg (6.47)

and the joint rotation at imminent opening, 8o, is:

Ml (6.48)
Eloqo

8o

6.4.3.2. Expression of foundation modulus

The foundation modulus Ky in a fully founded tunnel with full bond at the soil-structure interface can
be obtained by integrating over the ring perimeter the local ground reaction stresses produced by the

lining displacement in a given direction. Ky is then equal to:

(6.49)

E.m
Kior = mR(k, + k;) = y (1+b)
C

1+
where kr and k; are radial and tangential spring stiffnesses respectively (see chapter 4), E; is the ground
Young’s modulus, vc is the ground Poisson’s ratio and b is the ratio between tangential and radial

stiffness.

6.4.3.3. CTT input data
The input parameters for the CTT analytical model are tabulated in Figure 6.15.a. Given the linearity
of the analytical solution, Eleqo is adopted as the constant lining stiffness. The model proved to be
insensitive to b so that variations between b=0 and b=1/2 led to imperceptible changes in longitudinal

moments and changes of about 1mm in tunnel deflections.

The stage-varying concentrated moments, transverse forces and pressure gradients within L, are shown
in Figures 6.15.b to 6.15.d, where the origin corresponds to the construction stage at which CAM3 is

erected.

The axial loads N are required for the calibration of the model and, together with the concentrated

moments, were computed from TBM records.

The transverse forces are the result of model calibration (see section 6.4.4).
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a) Material properties b) TBM longitudinal loads (TBM records)
Name Symbol  Unit Value
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Figure 6.15: Input data for beam model

6.4.4. Calibration of analytical model

The tunnel beam model is calibrated against the eccentricity e of the longitudinal mean strains (or
force) measured in both instrumented rings. Figures 6.16 presents the evolution of measured e and
analytical e after calibration. The origin of SD is set at the CAM3 rear (see Figure 6.15.a): CAM3 is
first loaded at SD=1ring and CAM4 at SD=5ring. The wide oscillations at early construction stages
caused by changes in ram loads within the TBM cycles and in the contact quality of segments during

assembly cannot be accounted for in this model.
a) Horizontal direction:

Given that both rings are situated in a 500m horizontal curved section, the hydraulic jacks
exert a horizontal moment My on the lining to enable the steering of the shield. The moment
applied to CAM3 at stage=1, SD=ring1, is about 5000kNm and escalates to almost 25000kNm
until SD=12ring. It drops then to null values that are partially recovered at SD=19ring, where
My approaches 8000KNm.

The analytical horizontal eccentricity e, calculated with the TBM axial load N yields a better
approximation to the measured e, than the analytical e, computed with the in situ axial force of
CAM3, given that the CAM3 VWSG strain data set was incomplete (see chapter 5). In CAM4,
the difference between the two analytical ey is small. Consequently, the e, obtained from the

TBM loads is taken hereafter as the calibrated e.
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6.4. Beam response of tunnel lining

Excluding the sharp changes at early stages, CAM3 ey, is moderate, reaching a 0.75m peak at
SD=13 that is far below the CTT e of 1.63m and that decays progressively to a steady ey of
0.6m. The calibrated model reveals that most of the ey is caused by the TBM moments: the
lining pressures near the tail skin have a minor influence and the transverse action of the

hydraulic jacks is required only from SD=5ring mainly to reproduce CAM4 ey.

In the case of CAMA4, ey increases rapidly to a maximum value of 1.80m at SD=13ring. Then,
ey decreases up to 1.40m at SD=19ring, from which point it remains roughly constant. The
eccentricity during advance exceeds e, from SD=10ring to SD=17ring, which indicates that the
adjacent ring joints open temporarily. The calibrated model shows that the contribution of the
TBM moments to ey is greater than in CAM3: the peak at SD=13ring is 0.8m as opposed to the
0.5m of CAM3. However, the model also proves that significant transverse point loads are
required to replicate the measured ey so that the eccentricity allocated to the transverse ram

loads becomes comparable to that of TBM moments.

Vertical direction:
In the vertical direction, the vertical TBM moments and transverse loads counteract the uplift
of the buoyancy forces. Downward transverse ram loads are required immediately after CAM3
to compensate the high vertical gradients of the lining pressures. Peak eccentricities during
construction are however moderate in both rings, lower than 0.75m, and residual values are
small, e,~0.0m and e,~0.5m for CAM3 and CAM4 respectively.
a) CAMS ring b) CAMA4 ring
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Figure 6.16: CTT model calibration
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6.4.5. Field data interpretation on tunnel beam response
The analytical model enables the estimation of the history of the CTT structural response during

construction within a tunnel section comprising the instrumented rings.

6.4.5.1. Local lining response (Lagrangian)

Figure 6.17 illustrates the evolution of displacements, slope and shear force of the instrumented rings
with the progress of construction.

The ring displacements become stable at SD=16ring, although the most dramatic changes in flexural
deflection occur in the first seven TBM cycles after ring erection. In the horizontal direction, the
opposite trend in the displacements of the two rings is the result of longitudinal tunnel bending when
subjected to the TBM concentrated loads (see section 6.4.5.2). In the vertical direction, both rings
move upwards due to the uplift forces: CAM4 reaches a plateau at about 5.0mm while CAM3 at

1.6mm only due to the pronounced downward action of the hydraulic jacks.

The calibrated model replicates well the general trend in measured vertical tilt for both rings,
particularly of those situated at the crown, although the field data includes the effect of individual
segment rotations typical of sequential loading near the tail skin, which results in an in situ vertical tilt

dispersion of up to 0.002rad.

The shear forces increase gradually in the first seven TBM cycles towards a residual peak value. The
strength of the adjacent ring joints is calculated from the measured axial force assuming a friction
coefficient of 0.4. In the horizontal direction, the maximum shear forces are moderate, 3000kN and
6000kN for CAM3 and CAM4 respectively, and there is no horizontal joint lipping. In the vertical
direction, the shear force peaks to 10,000kN and 12,500kN in CAM3 and CAM4. The shear strength is
exceeded at early TBM cycles after ring erection. The ring joints may undergo shearing from the first

and third cycle of each ring onwards.

The progressive reduction of joint shear strength with the longitudinal relaxation of the tunnel suggests

that the tendency of ring joints to shearing grows as the structure ages.
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a) Tunnel deflection at instrumented rings
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Figure 6.17: CTT local longitudinal response

6.4.5.2. General lining response (Eulerian)
Figure 6.18 shows the evolution of deflections, joint rotations and shear forces within the modelled
tunnel length, referred to a fixed abscissa positioned at SD=-32ring.

The residual tunnel deflections at stage=61 are generally the greatest of the entire lining history for
both directions. The high concentrated TBM actions required to steer the shield, particularly after
CAM4 erection, bend the tunnel horizontally in such a way that CAM4 shifts gradually towards the
outer side of the curve while CAM3 moves in the opposite direction to accommodate the horizontal
curvature. The peak outer displacements of +12mm are experienced two rings after CAM4,
Xeulerian=37ring, at the ring subjected to the highest concentrated moment and transverse load when it is

first founded in the ground. The uplift forces cause moderate vertical displacements less than 7mm.

The history of ring joint rotations and shear forces allows the identification of tunnel sections at risk of
ring joint opening and shearing respectively during construction and in the long term by comparing the
predicted quantities with the limits given by the longitudinal pre-stressing force. The CTT field data

evidence that the tunnel section near the monitored rings is more prone to joint opening in the
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horizontal direction, as the TBM steering causes the lining to bend. The cumulative uplift forces make
joint shearing more likely in the vertical direction.

a) Evolution of tunnel deflection with construction stage
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Figure 6.18: CTT global longitudinal response

6.5. Proposed method for potential damage assessment

The development of reliable analytical models that can estimate the history of the tunnel longitudinal
pre-stressing force and beam response lead to the proposal of a PDA method that can identify tunnels
sections at risk of ring joint damage and estimate when such damage may be imminent (see Figure
6.19). The method, however, requires to know beforehand the history of ram loads, net TBM-lining

transverse interactions during construction and the in situ temperatures during and after construction.
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6.5. Proposed method for potential damage assessment

Of the above inputs, ram loads and in situ temperatures can be easily obtained from TBM records and
conventional temperature sensors respectively. However, the monitoring of TBM transverse actions
would require the development of a monitoring system built in the tail skin for either direct or indirect
measurements (see section 9.2 for a proposed design concept). Nevertheless, the effort could be
invaluable for asset owners that can then target the problematic areas in their monitoring, inspection

and maintenance plans.

If the above inputs could be predicted by engineering models on the basis of the proposed tunnel drive,
including alignment and geology, and foreseeable TBM operations, then tunnel designers could follow

a similar workflow to customise ring joint design to the predicted risk of structural damage.

Although the lining shear stiffness has a minor influence on the internal forces (Hoefsloot, 2007),
given that the tunnel beam model is based on the Euler-Bernouilli beam solution, it is convenient to
remark that this PDA method should be used for the identification of problematic areas in preliminary
assessments. Then, asset owners can focus on the detailed analysis of these areas with more

sophisticated methods.

In situ TBM records on Monitored TBM  TBM records on
temperatures ram loads transverse actions ram loads
during construction i l l
] Analytical solution for Refined Bogaards’
[Gil Lorenzo] thermal effects during solution for tunnel [Gil Lorenzo]
construction beam response
Residual longitudinal History of tunnel beam
strains after construction response

v y

Remaining Compression
[Arnau] Factor (RCF) approach
(Arnau, 2012)

v

Longitudinal force in
structure at given age

Comparison of ring joint
rotation and shear force
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Shear strength

Ring joint rotation
limit [Gil Lorenzo]

Y
Identification of areas
at risk of ring joint
damage at given age

Figure 6.19: PDA method for preliminary assessment
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6.6. Conclusions

The study of the CTT longitudinal response during construction revealed that CSLs simultaneously
backfilled with cementitious grouts undergo an early relaxation of the longitudinal pre-stressing force
due to the temperature changes induced by grout hardening. The extent of relaxation depends mainly
on the temperature profile given by the grout mix and the ambient temperatures. In the CTT tunnel,
backfilled with BGs, the mean strains were reduced by 50%, equivalent to 85bar/ram, in the months
following ring erection. If creep effects associated with the loading time are added to this early
relaxation, it is expected that the longitudinal force in the long term will be small and the ring

interaction limited.

It was also found that the residual moments and shear forces resulting from sequential CSL
construction are highly dependent on the TBM moments and transverse actions near the tail skin. The
lining responds to pronounced TBM steering around curves through longitudinal bending and to uplift
forces through shear. The inherited internal forces may lead to deferred structural damage in the form

of ring joint opening or lipping as a consequence of the loss of tunnel pre-stressing.

The deployment of analytical models enhances the field data interpretation: the development of the
solution for a sequential elastic rod subjected to trilinear temperature and in shear interaction with the
elastic ground enables the accurate prediction of tunnel relaxation caused by grout hardening; the
refined Bogaards’ solution, incorporating the effects of stage-varying net TBM moments, transverse
loads and lining pressure gradients within Ly, can estimate satisfactorily the history of tunnel beam

response during construction for the derived expression of El.

Following the validation of these two models as effective tools for the prediction of longitudinal lining
response, a PDA method for the early detection of tunnel sections prone to ring joint damage was
proposed. The method requires that the TBM is equipped with transducers that can measure the
transverse loads and lining pressures near the tail skin, the TBM records on the above loads and ram
loads are available and the in situ lining temperatures are either monitored from early construction or
estimated. With this PDA method, the asset owner can identify the problematic areas in a tunnel
immediately after its construction and develop monitoring, inspection and maintenance plans that

target these areas.

Tunnel designers could benefit from the deployment of rod and beam models by giving them the
opportunity of customising ring joint design in accordance with the predicted history of longitudinal
lining response. However, a reliable method for the prediction of TBM ram loads and net transverse
TBM-lining interactions based on the knowledge of the proposed tunnel drive, i.e. possibly alignment

and geology, and foreseeable operations would be needed.
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Chapter 7
3D numerical study on the CSL local response to

sequential loading near the tail skin

7.1 Introduction

The need for coordination between the design of CSLs, the TBM technology deployed and the in situ
TBM operations has been pointed out in the past (Blom, 2002; Koyama, 2003). The interactions between
the TBM and the tunnel structure in the construction phase are not fully understood and therefore their
effects cannot be properly accounted for in the design process of both TBM and lining. The fact that
nowadays most of the damage in CSLs takes place at the early stages of mechanised shield tunnelling
either before or while the ring is exiting the tail skin (Chen and Mo, 2009; Sugimoto, 2006) may be a
symptom of such lack of design harmonisation.

The CTT field data interpretation conducted in chapter 6 confirmed that the TBM operations can
determine the longitudinal CSL response during construction. Mean lining pressures with vertical
gradients greater than grout-static and not null horizontal gradients can arise during sequential loading
near the tail skin. Such gradients dissipate abruptly once the ring is fully surrounded by the annular
grout. Additionally, net TBM transverse loads can be required to either achieve lining stability in the
vertical direction or to replicate the in situ longitudinal response of CSL tunnels in curved alignments.
Nevertheless, the local effects of TBM-lining transverse interaction on ring behaviour immediately

behind the TBM have been hardly examined in previous research.

In this chapter, the CSL local response to sequential loading near the tail skin during one TBM advance
is discussed through a 3D numerical study where TBM-lining transverse interactions are simplified but
still representative of the field conditions that can be found in CSLs simultaneously backfilled with BGs,
e.g. the CTT tunnel. The analysis is approached from less to more complexity: first, the structural
performance of rings subjected to axisymmetric sequential compression and boundary conditions is
examined; then, selfweight, pressure gradients and uneven TBM-ram pad transverse interactions are
gradually incorporated into the study. The numerical simulations with axisymmetric radial loading may
represent a lining that is concentric with the tail skin; those where radial pressures are applied with a
certain gradient may correspond to a lining eccentrically positioned against the shield tail (see chapter
8).
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7.2 Background

7.2.1. Previous research on sequential loading
In chapter 3, the response of an isolated ring to eccentric radial compression was briefly discussed to
identify the role of spear bolts in the prevention of permanent ring distortions and segment damage
during sequential loading. The numerical model evidenced the tendency of concrete segments to radial
tilt and partial opening of longitudinal joints, particularly for the keystone.

Blom (2002) investigated the response of CSLs subjected to sequential loading through full-scale tests
where three rings were initially compressed in axial direction, and uniform and deviatoric pressures

were later applied in the radial direction, first in two adjacent rings and then in the remaining ring.

.

100%
= Top ring: 40% of ovalisation load ovalisation
. 1 loading

- —— =
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|
I I
Bottom ring: 20% of ovalisation load

Figure 7.1: Longitudinal migration of sequential ovalisation loading (Blom, 2002)

The experimental results and numerical analyses confirmed that, at the end of the sequential loading,
the ovalisation loads applied to the latter ring were shared with the former rings in a proportion of 40%
to 60% respectively (see Figure 7.1), whilst there was no redistribution of uniform pressures amongst
rings. The longitudinal migration of ovalisation loads was produced by coupling forces in turn triggered
by differential radial deformations amongst rings. Successive loading resulted in coupling forces of
opposite sign acting at each side of a ring, which affected moment distribution within segments. The
uneven distortion of coupled rings also led to segment torsion, particularly in those segments situated at
45° from the symmetry axes of ovalisation. The influence length of sequential loading in this study was

limited to three rings.

Blom (2002) explained the mechanics of CSLs under sequential loading, but it was based on the
underlying assumption that individual rings were radially loaded at one time rather than progressively.

The effects of unbalanced pressures were not examined.

7.2.2. FE analyses of CSL response to construction loads

The longitudinal response of CSLs under transient construction loads and boundaries is enabled by the
local interaction of neighbouring rings. In this respect, three-dimensional FE models are the most

effective tools to investigate the full effects of typical construction processes and imperfections on the
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structural behaviour of CSLs behind the TBM (Blom et al., 1999), although analytical solutions may be
adequate to describe certain aspects such as longitudinal bending or prestressing relaxation (see chapter
6).

With current computer capabilities, the degree of sophistication of numerical models in terms of
concrete constitutive models, lining joints, soil-structure interaction, TBM interactions, simultaneous
backfill grouting, ring assembly and lining imperfections depends on the objective of the simulations.
Bedded numerical models are deemed to be the most appropriate technique for a detailed examination
of global structural response in CSL construction (Blom et al., 1999; Mashimo and Ishimura, 2005;
Mayer et al., 2009; Ishimura et al., 2013).

Blom et al. (1999) performed a wished-in-place numerical simulation of a twelve ring solid model
subjected to assumed input TBM longitudinal loads, radial pressures transitioning from grout-static to
typical long term distributions and variable spring support. The packers were represented as four bilinear
springs, the longitudinal joints were modelled with interface elements and the concrete behaviour was
simulated with a linear elastic constitutive model. The effect of backfill grouting on the hoop stress
distribution of CSLs with coupled rings was ascertained, and it was found that the mechanical properties
of packers had a strong influence on the nature and magnitude of the longitudinal response.

Mashimo and Ishimura (2005) examined the lining behaviour under construction loads by comparing
the bending moments obtained from a beam-spring model of two coupled rings with field data. The two
rings were passively supported by a circular retainer simulated with compressive springs. One ring was
subjected to tail seal pressures whilst the other only to selfweight. The latter was modelled in either a
complete or incomplete assembly state. It was concluded that selfweight and tail pressures governed the

lining internal forces in the construction stage.

Mayer et al. (2009) investigated the response of one and two ring solid models subjected to uniform,
asymmetric and eccentric ram loads. The longitudinal joints were simulated with hinge elements and
plywood packers by means of solid elements with a Mohr-Coulomb constitutive model. The 3D
numerical analyses revealed that the ram pad eccentricity is critical for concrete spalling and that
asymmetric ram loads may increase ring deformations in the unloaded perimeter due to the absence of

vertical support through ring coupling.

Ishimura et al. (2013) studied the effect of TBM ram loads, tail and backfill grouting pressures on peak
stresses of concrete segments and bolt shear forces in ring joints through a wished-in-place forty two
ring shell model. The longitudinal joints were simulated with rotational, axial and shear springs and the
ring joints with tensile and shear springs only. The input construction loads were obtained from field
data on lining pressures and TBM data. It was concluded that the asymmetry of construction loads,
particularly TBM thrust, greatly increased the likelihood of concrete damage and bolt shearing at

circumferential joints.
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Overall, the reviewed FE models disregarded sequential loading and oversimplified either the tunnel
structure, e.g. Mashimo & Ishimura (2005); the input loads, e.g. excluding the effects of tail seal
pressures, (Blom et al., 1999), or radial pressures altogether, (Mayer et al., 2009); or the nature of ram
pad-lining interfaces (Ishimura el al., 2013).

7.2.3. TBM jacking systems

According to a technical consultation with Herrenknecht, the jacking systems currently in use can be

classified in two types depending on the rod support during advance (see Figure 7.2).

In simple systems with permanent bulkhead fixings, the rams may be subjected to bending and thus the
ram pads can transfer transverse loads to the lining. However, it is common practice to release and
reposition the hydraulic jacks while steering the TBM in order to prevent the permanent damage of the

rods.

In sophisticated systems, the fixings at the rear of the bulkhead are released at the beginning of the TBM
advance. The rams are relatively free to pivot against the spherical hinge on the shield end as long as
rotations remain small and there is no contact with the intermediate wall. In this system type, the
hydraulic jacks are only subjected to axial loads and the ram pads can exert transverse loads onto the
lining if the hydraulic jacks are inclined with respect to the lining. In this case, the transverse loads must
be proportional to the inclination and axial load of the rams providing that there is sufficient friction
between the pads and the lining.

In any case, the common assumption in 3D FE models of fully constrained ring plane displacements at

the ram pad-lining interface would be at least arguable.
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Figure 7.2: Hydraulic jack system with fixing release during advance
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7.3. Description of numerical simulations

The numerical study is designed to target the structural behaviour of CSLs subjected to the sequential
loading of one TBM advance and gives particular attention to the effects of high pressure gradients and

uneven ram pad-lining interactions.

The FE models are wished-in-place solid models of multiple rings that share ring geometry, element
types, mesh, concrete constitutive models, material properties and modelling techniques for discrete
lining joints with the 3D models described in chapter 4. The loading sequence, the extent of
ground-structure interaction, the boundary conditions and the modelling sequence are modified to suit
representative construction environments during the TBM advance. Given that the study focuses on the
CSL response to sequential loading in one TBM advance, the wished-in-place approach is deemed
sufficient. The effects of potential contact deficiencies originated in previous TBM cycles are thus
omitted.

Table 7.1 describes the loading and boundary conditions of each simulation step. At the first step, the
contact interactions are initialised with the application of 1kPa ram pressures and restraint displacements
at the outer CSL boundaries. The total ram loads are applied in step 2 with full constraints at the opposite
side. The eccentricity of ram loads or the selfweight of the first ring, R1, can be added in optional steps.
In the next steps, from step 3 up to step 7, the radial pressures are sequentially applied from the mid
width of the second ring, R2, up to the mid width of R1 after the replacement of ring plane fixities with
spring supports acting within the tunnel supported length. The sequence may be completed with the full

compression of R1, i.e. when the loaded width is 2.4m.

The radial pressures that would act on the tunnel structure prior to the R1 assembly, i.e. ASO, are
disregarded in the wished-in-place model in order to avoid the unrealistic propagation of lining
deformations developed prior to R1 erection. This is considered to be a good approximation in the case
of axisymmetric loading or in CSLs where the moment capacity of longitudinal joints in previously
erected rings is not significantly affected by the development of hoop forces, e.g. curved jointed CSLs
or flat jointed CSLs with out-of-plane angularity at their longitudinal joints.

The radial pressures are uniformly distributed along the longitudinal axis, somewhat equivalent to mean
lining pressures. This simplified sequential loading still enables the identification of the mechanisms
governing lining response behind the TBM and will prove useful for the interpretation of the CTT field
data.

The transverse interaction between ram pads and lining is simulated through ring plane fixity at the mid

lining depth of the ram pad positions within the restrained arc of choice (see Tables 7.1 and 7.2).
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7.3. Description of numerical simulations

Table7.1: Modelling steps

Step Loading and boundary conditions

F123 1kPa

1
Fram
2a
©)
R1 selfweight (O)
(variable g,)
3-7
R1 selfweight (O)
Unsupported length|
o ¢ X=2.4m
fabie [ [[[[[[|Fon Moo
8(0)

R1 selfweight (O) I"““
X = Loaded width 1 = Radial direction T Fixed condition (F)
p = Radial pressure 2 = Tangential direction " Spring support (S)
g, = Vertical pressuregradient 3 = Longitudinal direction 0 = Optional
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7.4. Parametric studies

The parametric studies are undertaken in three phases:

a)

b)

Sequential loading of two coupled rings under axisymmetric conditions:

Here the study focuses on the effects of the magnitude of input loads, ram pad eccentricity, the
tunnel unsupported length, Ly, and the quality of ram pad-lining interface on the CSL structural
response. Two extreme conditions at the boundary with the ram pads are considered: ring plane
full fixity or free ring plane displacements. The former represents the boundary generally
assumed in numerical simulations; the latter corresponds to the academic case where there is no
transverse interaction with the ram pads. The impact of lining features such as packers or

longitudinal joint geometry is also examined.

Sequential loading of two coupled rings under axisymmetric radial pressures and ram
pad-lining boundaries plus R1 selfweight;

Sequential loading of ten coupled rings under radial pressures with vertical gradient,
variable ram pad-lining interface and R1 selfweight:

This part of the study is conducted in two stages.

First, the impact of the ram pad-lining interface on the response of a curved jointed CSL
subjected to lining pressures with high vertical pressure gradients is investigated. Ly is 1.5 times
the ring width, the pressure gradient close to 80kPa/m, the ram loads 150bar/ram and the ring
roll of R1 equal to that of CAM3. The above parameters are deemed to be roughly representative
of the in situ conditions encountered by CAM3 on its first advance, AD1, if it is assumed that,
after the 8h of TBM standstill required for the field trials works, the previously grouted tunnel
length is fully founded on the ground; and that the field lining pressure gradients in AD1 are an
average of the radial pressures acting over the ring width (see chapter 6). Table 7.2 lists the
models analysed, illustrating the boundary conditions at their ram pad-lining interface.
Second, the influence of features other than the ram pad-lining interface is evaluated. The
3UKRA model developed for the previous stage is regarded as the reference model. The
parameters under consideration are: the magnitude of ram loads, Ly, the R1 ring rolling, the
longitudinal joint geometry and the action of spear bolts. This time, the angled bolts are
modelled by means of not only tension but also shear group springs to consider the added
resistance to joint lipping given by the bolt elongation. The bolt shear stiffness is the stiffness

component tangential to the joint.
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Table 7.2: Nomenclature of FE models and R1 boundary conditions

Model name Boundary condition at ram pad interface

ST KL

3UFR

3UFX

3UAB

3UEKL

3UKRA

3UKLKKR

3UKR

3UKRAB

3UKLKKRA
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7.5. Sequential loading under axisymmetric conditions

7.5.1. Lining structural response
In chapter 3, the tulip effect of an isolated ring was exemplified through a one-ring model subjected to
sequential loading and a free TBM boundary. The compatibility of deformations entailed the radial
rotation of segments and the partial opening of longitudinal joints (see Figure 3.14). For a given tunnel
diameter, the segment length governed the magnitude of radial tilt and hoop tension experienced at the
unloaded regions. Shorter segments such as keystones presented a greater tendency to tilt and negligible
hoop tension.

In a system of two coupled rings, when one ring is compressed, the change in ring diameter near the
circumferential joint induces the development of radial coupling forces that in turn drag the adjacent
ring into partial compression. Consequently, the second ring contributes also to the equilibrium of the
two-ring system (see Table 7.3). The ability of the unloaded ring to share radial compression depends
on the magnitude of the applied pressures, the loaded width and the boundary condition at the ram  pad-

lining interface while it is hardly influenced by the geometry of longitudinal joints (see Figure 7.3).

For example, during sequential loading in free conditions, while X~0.8m and most of the radial pressure
acts on R2, the coupling forces at the ring joint lead to the eccentric compression of R1 with the
subsequent development of segment rotation and hoop tension. The proportion of radial compression
sustained by R1 depends on the compressed length of the opened longitudinal joints and thus it increases
with the magnitude of radial pressures. If the radial pressures are not sufficiently high, the radial rotation
of segments typical of the “tulip effect” results in a negative balance of hoop membrane stresses (see

Figure 7.3.a).

With fixed conditions and X~0.8m, the opening of the longitudinal joints at the front of R1 is prevented
by the ram pads through radial inward reactions and R1 is more evenly compressed. The total load share

of R1 reaches values of about 30% regardless the magnitude of radial pressures (see Figure 7.3.b).

At X=1.6m, both rings are loaded in the same proportion, R2 at its front and R1 at its rear. In free
conditions, the response of the two rings mirror each other and there is an equal share of the total load.
The smaller eccentricity of the total hoop force in R1 causes the segment rotation to decline. In fixed

conditions, the R1 total load share grows to 60% as the rotation of segments is still constrained.

At X=2.4m, the R1 total load share approaches 67%, i.e. 100% of the load directly applied on R1 and
the segment rotation is negligible, regardless of previous boundary conditions, which agrees with

Blom’s (2002) conclusions.
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Table 7.3: Sequential loading under axisymmetric conditions

Step 3 X=0.8m Step 7 X=1.6m Step 8 X=2.4m
Free condition R1 total load share up to 20% R1 total load share = 50% R1 total load share =~ 67%
p oX
m E VMV VMV
rm +9C v 45 +I
I DI v oGt
VMV VMV
Unsupported length
Fixed condition R1 total load share = 30% R1 total load share = 60% R1 total load share = 67%
&
P Tﬂ F, % M i v vV M Vv v v M v v
<1 Hp cl l 49 gy 43 T gt
2 cT T +2 6 A4 2 6 AN,
l M v My v v My v
' ' '
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Figure 7.3: R1 load share in two-ring systems subjected to uniform sequential loading

7.5.2. Effect of ram loads on lining response

In the CTT, the hydraulic cylinders were nhominally positioned in alignment with the lining mid depth
(see Figure 7.4). The packers were, however, fitted at the intrados edge of the ring joints, giving rise to
a -10mm offset between centred jacks and packers. This implies that both the sequential loading and the
nominal offset between packers and jacks cause the rotation of segments under axisymmetric conditions
and centred ram loads in the FE models.
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Figure 7.4: Relative position of hydraulic cylinders and packer

Figures 7.5.a and 7.5.b show the outward segment rotations and radial displacements at the front of R1
standard segments under free conditions. At intermediate longitudinal loads of 150bar/ram, the peak
values of both variables increase with the magnitude of radial pressures. The rotation at 125kPa
pressures of 0.05° is more than half that reached with 700kPa, which suggests that the relative offset of

the ram loads produce rotations comparable to those associated with sequential loading.

With high longitudinal loads of 300bar/ram, the segments exhibit the greatest peak rotations and
displacements, 0.12° and 3mm respectively, since the resultant longitudinal moment at the ring joint is

proportional to the magnitude of the ram loads applied.

At low longitudinal loads of 12.5bar/ram, the longitudinal moment acting on the segments is small. In
addition, the ring interaction is compromised by the limited friction capability of lightly compressed
segment-packer interfaces. Consequently, peak rotations are less than 0.025°.

Given that the longitudinal migration of hoop forces depends on the development of coupling forces at
the ring joint and the contact length of longitudinal joints, the magnitude of longitudinal loads has an
influence on the total load share of R1 during sequential loading (see Figure 7.5.c and 7.5.d). With poor
ring coupling, there is partial slip at the ring joint and the two rings tend to deform more independently;
thus, the total share load is similar in both free and fixed conditions. Under high longitudinal
compression, the greater segment rotations in free conditions can undermine slightly the total load share
of R1.
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Figure 7.5: Effect of longitudinal loads on R1 response

7.5.3. Effect of ram pad eccentricity on lining response
When the ram loads are applied with negative eccentricity, i.e. towards the segment extrados, the
maximum outward rotations of segments are exacerbated (see Figures 7.6.a to 7.6.d). For example, in a
standard segment, a -25mm offset of the ram pads yields peak displacements and rotations of 6mm and
0.2° respectively before the application of any radial compression in the system. These numbers roughly
double the peaks caused by centred 300bar/ram loads. In keystones, with a smaller moment of inertia at

their circumferential joint, the maximum values rise to 20mm and 0.7°.

At X=1.6m, both displacements and rotations are minor and hardly influenced by ram pad eccentricity
in standard segments, while keystones subjected to negative ram pad eccentricities exhibit substantial
permanent rotations, e.g. a -25mm eccentricity results in residual 7.5mm displacements and 0.3°

rotations.

Conversely, when the ram pad eccentricity is positive, the peak radial deformations tend to decrease and
remain close to zero through the whole loading sequence, which suggests that the positioning of ram
pads with moderate inward offsets could mitigate the potential damage associated with the opening of
joints described by Gruebl (2006).
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Figure 7.6: Effect of ram pad eccentricity on R1 response

7.5.4. Membrane behaviour of standard segments
The R1 standard segments can be regarded as curved deep beams subjected to both longitudinal and
eccentric hoop compression. The contribution of shear deformations to deep beam deflections and the

spread of concentrated loads necessarily imply that cross sections do not remain plane after deformation.

In free conditions, the distribution of hoop strain increments, i.e. from step 3 onwards, follows the strain
field described by Cavalaro (2009) for segments subjected to in-plane angularities at the longitudinal
joints, with the difference that here the distribution of contact stresses at the longitudinal joints is
invariably triangular given the linear elasticity of the modelled concrete (see Figure 7.7.a).

The neutral axis of the longitudinal cross sections shifts along the segment width from side to centre: at
lateral sections, there is a narrow compressive zone with triangular strain distribution while the rest of
the cross section remains undeformed; at the centre, the cross sections show a linear distribution of hoop
strain increments with a wider compressed region and a tensile zone with moderate peak values, e.g.

about +50pe for 700kPa pressures.

In free conditions, the rotation of R1 segments changes the distribution of hoop strains along the segment
length (see Figure 7.7.b). When a standard segment tilts outwards, the neutral axis at the circumferential

joint shifts upwards which, given the curved geometry of the segment, entails the central packer bearing
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7.5. Sequential loading under axisymmetric conditions

more longitudinal loading than the side supports. The simple strut and tie model (STM) in Figure 7.7.b
evidences the tensile hoop stresses, or strains, that develop near the central ram pad as a result of the
longitudinal load spread in a rotated segment. The same mechanism causes a compressive region near
the central packer. The distribution of FE hoop strains, i.e. from step 2 onwards, in a segment subjected
to -25mm eccentric ram pads agrees with the patterns described by the STM model.

In fixed conditions, the segment rotations are negligible and the longitudinal joints remain
fundamentally closed within the modelling sequence. The entire segment is hoop compressed with a

more uniform field of hoop strain increments.

Figures 7.7.c and 7.7.d show the in-plane moment-hoop force (MN) paths at central and lateral cross
sections derived from the hoop strain increments. The internal forces at X=1.6m, when the in-plane
moments are highest, are directly proportional to the magnitude of radial pressures in both free and fixed
conditions and define the herein called peak moment (PM) lines in the MN space. The evened
distribution of hoop strains in fixed conditions results in peak in-plane moments lower than in free

conditions, e.g. 630kNm/m against 800kNm/m for 700kPa radial pressures.

Figures 7.7.e and 7.7.f confirm that reasonable changes in ram pad eccentricity or joint geometry have
a minor effect on the correlation of peak hoop forces, which remain within the umbrella delimited by
the PM lines.
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a) Hoop membrane strain increments in segments with eccentric hoop compression
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7.5. Sequential loading under axisymmetric conditions

7.5.5. Longitudinal bending of standard segments
The initial longitudinal moments at the segment centroid prior to any radial compression vary linearly
with the magnitude of longitudinal loads and also ram pad eccentricity (see Figure 7.8.a). However,

Figure 7.8.b evidences that the sequential compression of rings yields changes in longitudinal moments.

The effect of sequential loading on the longitudinal bending of standard segments can be explained with
the beam analogy outlined in Figure 7.8.c. When X~0.8m and most of the radial pressures are applied
on R2, the coupling forces at the ring joint are significant and lead to positive moment increments. When
X=1.6m, the migration of hoop compression between the two rings is virtually null and the coupling
forces must be negligible. The increments in longitudinal moments drop to null or even negative values
in the case of free conditions.

The mechanism underlying the changes in longitudinal moments caused by sequential loading suggests
that these are independent of the magnitude of longitudinal loads. However, under low longitudinal
compression, the poor ring interaction limits the development of coupling forces and subsequently
longitudinal moment increments.

a) Initial longitudinal moments b) Increments in longitudinal moments
Ezo 40
5 - 022 T Curved jointed csL [ 0-38 )
<15 - 0.18 .B_E. = 30 " Ram|load=150bar | 0 o
= yd - 0.14 @ £ 30 'y
g 10 v L 010 2 = 20 4 L 022 2
. - 1]
E o A S c z
e 5 0.06 £ g - 0.14 5
E pd L 0.02 3 £ 10 z
g0 S L 0.02 F E - 0.06
3 5 - / - -0.06 S 2 F -0.02 3
& - -0.10 & T .10 &
£.10 - £ 2 - -0.10 £
2 C4 Ram lpad=150bar [ -0.14 § a0 L]
B-15 -0.18 s -20 -0.18
- -
E 30 -20 10 0 10 20 30 40 0 04 08 12 16 2 2.4
Ram pad eccentricity [bar] Loaded width [m]
=C=Initial moment —C—700kPa-Free =-O--350kPa-Free +O 125kPa-Free
——700kPa-Fixed -#--350kPa-Fixed  --@-- 125kPa-Fixed
¢) Mechanism underlying the changes in longitudinal moment
Uniform sequential Beam analogy
loading Coupling
force
Radial Loaded width =0.9m
pressures
} V
/ Radial
4 l j pressure
o/ Wz @
Coupling stresses L
forces Loaded width 1=1.6m
I Hoop
stresses

Figure 7.8: Longitudinal moments during uniform sequential loading
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7.5. Sequential loading under axisymmetric conditions

7.5.6. Potential damage during sequential loading
It has become apparent in previous sections that, in a CSL structure where the concrete behaviour
remains within the elastic region, the only ring imperfection produced by sequential loading under
axisymmetric conditions is the residual rotation of the keystone, which increases the risk of contact
deficiencies with neighbouring segments and rings. However, the development of numerical strains that
exceed the compressive or tensile elastic limits within the loading sequence indicates that the real

structure can undergo additional permanent deformations which in turn may lead to concrete damage.

Under axisymmetric loading conditions, the concrete damage is caused by load concentration at the rear
corners of segments or ring joints. In the load cases examined, the hoop membrane tension at the R1
front does not reach the elastic limit of C55/67 plain concrete, i.e. +130ue. However, it may contribute
to concrete damage when combined with other mechanisms such as spalling between ram pads.

7.5.6.1. Damage at the rear corners of segments
It was discussed in chapter 2 that the concentration of hoop forces at the corners of longitudinal joints
due to angular imperfections increases the risk of local concrete damage: at moderate in-plane
angularities, the load bearing capacity of joints at serviceable states is determined by the crack width
limit of bursting cracks; at high angularities, the critical load is governed by the shear failure of the

loaded corner, generally known as chipping of corners.

With the eccentric radial compression of rings characteristic of sequential loading, the transfer of hoop
forces is concentrated at the rear corners of longitudinal joints. Such concentration may initiate concrete
damage during the loading sequence of the TBM advance, or yield irreversible in-plane angularities that
can raise the risk of damage after construction, particularly in deep tunnels subjected to high hoop

compression or in CSLs subjected to high ovalisation loads.

The tendency of the longitudinal joints to concrete damage can be assessed by comparing the peak
contact stresses experienced during the loading sequence with those exhibited under uniform ring
compression, i.e. X=2.4m. The contact length by the end of the advance, at X=1.6m, can be also an

indicator of propensity to in-plane angularities.

Figures 7.9.aand 7.9.b reflect that, at curved joints, the hoop forces are transferred over a harrow contact
strip so that the contact stresses are higher than in flat joints, although the load is distributed over a
longer contact length. The peak contact stresses in curved joints are virtually equal to those developed
under uniform compression and are insensitive to the magnitude of longitudinal loads, ram pad

eccentricity or ram pad-lining interface.

The peak contact stresses of flat joints are influenced by the radial rotation of segments and thus can
reach values comparable to those of curved joints, e.g. 60MPa in flat joints at 700kPa, 150bar/ram and

a -25mm ram pad eccentricity and 85MPa in curved joints. However, the peak stresses in flat joints are
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7.5. Sequential loading under axisymmetric conditions

concentrated at the extrados of the segment corners, as opposed to the joint mid depth position exhibited
at curved joints, which increases the susceptibility of flat joints to concrete damage during sequential
loading, particularly under imperfect conditions such as ram pad eccentricity or assembly imperfections.
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Figure 7.9: Contact quality during uniform sequential loading
7.5.6.2. Concrete spalling at ring joints

The discontinuous longitudinal compression of standard segments through ram pads causes the
development of transverse tensile stresses, called spalling stresses, at the ram pad interspaces. In free
conditions, the tensile strains between ram pads grow with the sequential loading due to the contribution
of hoop membrane strains. The peak strains are experienced at X=1.6m.

Figure 7.10 illustrates the hoop tensile strains for X=1.6m when the longitudinal loads are (a) 150bar/ram
, (b) 150bar/ram with a -25mm pad eccentricity and (c) 300bar/ram. It is evidenced that in the last two
cases the tension at the intrados of the ram pad interspaces exceeds the elastic limit of +130pe.

a) 150bar/ram: Ag,_,,=105ue b) 150bar/ram: Ag,,,=133pue ¢) 300bar/ram: Ag,,=168ue

Max: +1.053e-004

Figure 7.10: Concrete spalling during sequential loading
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7.5.7. Influence of ring joint design on segment damage
In a two-ring system under free conditions, the moment capacity of the segment circumferential joints
delimits the magnitude of segment rotations during sequential loading. The moment-rotation relation
depends on the packer material, size and distribution, i.e. number and spacing per segment, if the action

of lock-in dowels is ignored.

Figures 7.11.a and 7.11.b show that peak rotations can be substantially reduced with the improvement
of the lateral support. For example, when the packer depth is increased from 150mm to cover the entire
joint depth of 170mm, the peak rotations of standard segments subjected to 700kPa sequential pressures
and 150bar/ram applied with a -25mm ram pad eccentricity decrease from 0.22° to 0.15°. When the
packer stiffness is 38GPa, equal to the concrete stiffness, the peak rotations are negligible.

However, the benefits of the enhanced lateral support are most notable for keystones: the deep packer
can halve peak rotations, from 0.070°m to 0.035° and drop residual rotations from 0.040° to 0.030°; the
peak rotations fall to 0.010° with the use of stiff packers while residual rotations become very small.

Given that the use of soft packers is desirable to correct contact deficiencies at ring joints (Cavalaro,
2009), a packer material that exhibits low initial stiffness and considerable stiffening under normal
compression may optimise the lateral support of rings during construction. Otherwise, deep packers can

still mitigate the extent of peak radial rotations and the residual tilt of keystones.

a) Standard segment: Radial tilt b) Keystone: Radial tilt
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Figure 7.11: Influence of ring joint design on segment damage
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7.6. The effect of ring selfweight on lining response

In a longitudinally compressed two-ring system under free conditions and subject only to the selfweight
of R1, the R1 segments rotate downwards until segment equilibrium is reached through the vertical
frictional forces developed at the packers and the moment reaction at the circumferential joint (see Table
7.4). At the crown, the segments rely partially on the support of the lower segments, which act as
abutments of the top arch structure.

The arch behaviour of the top half ring results in smaller rotations at the crown, although the outward
rotations induced by high longitudinal loads or negative ram pad eccentricities can counteract the
beneficial arch effect. Conversely, positive ram eccentricities ensure the cooperative response of the
upper segments and limited rotations.

The magnitude of maximum rotations at the invert segments depends on the moment capacity of the
circumferential joint enabled by the ram loads and it is comprised between 0.10° and 0.15°. Overall, the
peak invert rotations tend to exceed those at the crown by about 0.10°. The difference is corrected by
the completion of sequential loading. Given the greater tendency of keystones to radial rotations, it may
be beneficial to give preference during ring assembly to ring orientations where the keystones are placed

at upper positions so that their own weight can mitigate outward rotations.

The effect of the R1 selfweight on the total load share between rings and the MN trajectories during
sequential loading is minor. The peak contact stresses at the longitudinal flat joints of invert segments
grow by 10MPa.

Table 7.4: Effect of selfweight on lining response

oading tep2a X=0m tep 3 X=0.8m tep 7 X=1.6m tep 8 X=2.4m
Loadi Step2a X=0 S 3 X=0.8 S 7 X=1.6 S 8 X=2.4
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7.7. Validation of two-ring models

The validity of two-ring models as reliable engineering tools to examine CSL behaviour under
axisymmetric conditions was confirmed through their comparison with ten-ring models (see Figure
7.12.a). Given that, under axisymmetric conditions, the tunnel unsupported length, L, is not a relevant
parameter for lining response (see Figure 7.12.b), the validation is based on the comparison of R1
segment rotations in two-ring models and ten-ring models with L,=1.5rings (see Figures 7.12.c and
7.12.d).

Figure 7.12.c evidences that there is an excellent agreement in the rotation of R1 standard segments of
two-ring and ten-ring models through the whole loading sequence with discrepancies smaller than
0.020°. Figure 7.12.d show that the two-ring model also replicates with great accuracy the peak and
residual rotations of keystones.

Overall, it can be inferred that the two-ring model is a valid tool for the analysis of CSLs under
axisymmetric sequential loading.
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Figure 7.12: Validation of two-ring models
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7.8. Sequential loading with vertical pressure gradients

7.8.1. Lining response with uniform ram pad-lining interface

7.8.1.1. Free condition
In free conditions, the net uplift force of radial pressures applied with a vertical pressure gradient induces
a cantilever-type response of the lining that activates the passive reaction of the ground within the
supported tunnel length, L (see Table 7.5). The longitudinal moment grows within L, and reaches a
peak at the interface between L, and Ls; the maximum shear forces extend over most of L. Given that
the CSL longitudinal pre-stressing during an advance prevents the shearing of the ring joints, the

longitudinal deflection must be fundamentally caused by the longitudinal curvatures.

Longitudinal bending stresses in curved thin-wall cylinder shells can produce the squatting of the cross
sections if the longitudinal curvatures are sufficiently high. In recent analytical models describing the
flattening of tunnels induced by longitudinal differential settlements, the ovalisation loads in a
cross-section induced by longitudinal bending were attributed a sinusoidal distribution with amplitude
proportional to the longitudinal moment and curvature and inversely proportional to the ring moment of
inertia (Huang et al., 2012; Gong et al., 2015).

According to the above, when L, is short, the ring squatting caused by the longitudinal bending of the
tunnel is of minor importance. Thus, the primary ovalisation loads resulting from the uplift pressures
and ground subgrade reaction have a predominant role. The ring distortion is more pronounced near R1.
When L, is long, the secondary ovalisation loads are of greater magnitude by the end of L,. The rings
near the TBM hardly squat while the rings at the boundary with the supported length converge under

both primary and secondary ovalisation loads.

Figures 7.13.a and 7.13.b show that there is nearly a linear correlation of R1 ring convergence with the
vertical pressure gradient and the L, so that when L,=6ring, R1 is practically undeformed. Figure 7.13.c

evidences that flat jointed CSLs undergo about half the convergence of curved jointed CSLs.

7.8.1.2. Fixed condition

With fixed conditions, the longitudinal bending of the tunnel induced by the vertical gradients in lining
pressure increments is almost entirely prevented and, like in the case of uniform compression, a great
proportion of the ovalisation loads is sustained by the TBM (see Table 7.5). The TBM downward action
is realised through tangential stresses at the circumferential face of the lining in contact with the ram
pads, with a distribution along the ring circumference similar to that proposed by Gong et al. (2015).
Consequently, radial displacements and ring squatting are small, with peak vertical convergence at the

first circumferential joint in the order of 1.5mm, i.e. 0.02% of the ring mean diameter D.
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Table 7.5: Sequential loading with vertical pressure gradients and uniform ram pad-lining interface

Boundary conditions Front view Profile
Free
Lu=1.5ring TBM downward action
under fixed conditions
FE model
C,=0.9mm iC,=0.2mm
Ch='0.8mm 'g;:=_0.2mm
Free
Lu=6ring
Gong et al. (2015)
:C,,=0.7mm
C,=-0.8mm o
Radial displacements
Fixed [m]
Lu=1.5ring +1.035e-02
+1.000e-02 Upward vertical
+B.333e-03 i
TEBE7e-03 pressure gradient
+5.000e-03 .
+3.3338-02 Downward vertical
+1,6678-03 i
'E‘ggge'ég pressure gradient
=1, a-
3333603 l Net TBM downward
-5.000e-03 action
-6.6678-03
-8.333e-03
-1.000e-02
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a) Curved jointed CSL: R1 rear convergence b) Curved jointed CSL: R1 rear convergence
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Figure 7.13: Convergence induced by vertical gradients in free TBM conditions

7.8.2. Lining response with uneven ram pad-lining interface
When the tunnel is subjected to an uneven fixity at the ram pad-lining interface, the upward movement
of the lining is inhibited through transverse reaction forces delivered only along the circumference of
the fixed segments, transverse forces whose distribution is no longer sinusoidal. The length and

orientation of the fixed boundary determines the deformation mode of the rings within L.

It is reminded that the vertical tilt of segments is positive when the segment front is at a higher position
than the back.

7.8.2.1. Hoop ring behaviour with fixity at the invert
In the 3UAB model, when the upward deflection of the tunnel is constrained by the ram pads at the
invert, the rings tend to squeeze with an elliptical shape where the knees displace further up than the
invert centre (see Figure 7.14.a). Consequently, the TBM downward reaction forces that prevent the
movement of the fixed perimeter are concentrated at the knees; upward forces are required to keep the
original ring shape at the front of the R1 invert (see Figure 7.14.b). The magnitude of the reaction forces

is the greatest by end of the advance, X=1.6m, with the full application of the uplift loading.
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7.8. Sequential loading with vertical pressure gradients

The tangential component of the downward reaction at the knees causes a local increase in hoop tensile
strains of about +50u¢ at the ring front (see Figure 7.15.a) and a sharp drop in hoop compression to
negligible values at the ring centreline (see Figure 7.15.b). Such rise in hoop tension is consistent with
the short contact length of the knee joint instigated by the abrupt change in segment rotations between
restrained and free segments (see Figure 7.15.d). Indeed, the peaks in hoop compression experienced at
the rear of the ring knees indicate that the transfer of hoop force between segments is concentrated at

this region (see Figure 7.15.c).

The radial component of the reaction forces induces positive and negative hoop curvatures at the knees
and invert of the ring front, +0.50%o0 and -0.25%. respectively (see Figure 7.15.e). Further away from
the transverse constraints, the hoop curvatures of the bottom ring respond to the typical diagrams of a
squeezed tunnel with smoother profiles: positive curvatures at the invert and negative at the springline
(see Figures 7.15.f and 7.15.9). The magnitude of the curvatures increases with distance from the ring
front so that the peaks of +0.50%o are reached at the ring rear. The influence of the reaction forces on

the top part of the ring is negligible, which is reflected by both the ring shape and hoop curvatures.

The hoop curvature profiles of R2 agree with the general vertical elongation, with the difference given
by the staggered position of the joints (see Figure 7.16). The effects of the ram pad restraints decay
rapidly within the tunnel supported length in such a way that become negligible at the rear of R2.

a) Radial displacements [m] b) Reaction forces [N]

g

+7.500e-03
+6.000e-03 +6.50e+04
4, 500&-03 +4.33e+04
+3.000e-03 +2,17e+04
-3.91e-03
-2.17e+04
-4.33e+04
-6.50e+04

Figure 7.14: 3UAB model: R1 deformed shape and ram pad reaction forces
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7.8. Sequential loading with vertical pressure gradients

a) 3UAB Hoop Mean Strains TBM SIDE [ps] - Ring 1 b} 3UAE Hoop Mean Strains CENTRE [ps] - Ring 1 c) 3UAB Hoop Mean Strains LINING SIDE [ps] - Ring 1 d) 3UAB Vertical Tilt [°] - Ring 1

¥=0.8m
X=0.81m °
X=0.85m
¥=0.9m
—X=1.6m
e) 3UABE Hoop Curvatures TBM SIDE [izc] - Ring 1 f) 3UAB Hoop Curvatures CENTRE [“/oa] - Ring 1 o) 3UAE Hoop Curvatures LINING SIDE [*/zc] - Ring 1 h) 3UAE Longitudinal Curvatures CENTRE [“c] - Ring 1

Figure 7.15: FEA results-3UAB-R1
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7.8. Sequential loading with vertical pressure gradients

a) 3UAB Hoop Mean Strains TBM SIDE [ps] - Ring 2 h) 3UAE Hoop Mean Strains CENTRE [ps] - Ring 2 c) 3UAB Hoop Mean Strains LINING SIDE [ps] - Ring 2 d) 3UAB Vertical Tilt [°] - Ring 2

X=0.8m
X=0.81m S
X=0.85m
¥=0.9m
¥X=1.8m
2) 3UAB Hoop Curvatures TBM SIDE [izc] - Ring 2 ) 3UAB Hoop Curvatures CENTRE [*/a2] - Ring 2 1) 3UAB Hoop Curvatures LINING SIDE [“/zz] - Ring 2 h) 3UAB Longitudinal Curvatures CENTRE [“fac] - Ring 2

Figure 7.16: FEA results-3UAB-R2
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7.8. Sequential loading with vertical pressure gradients

7.8.2.2. Hoop ring behaviour with fixity at the crown
When the crown segments are fixed, such as in the 3UEKL model, the net uplift forces push the
unrestrained segments upwards leading to a pronounced squatted shape near the ram pads that declines
with distance (see Figure 7.17.a). The vertical and horizontal convergence at R1 are -16mm and +8mm
respectively, i.e. -0.5%D and 0.25%D. The keystone is situated at the limit of the fixed perimeter. It
must accommodate the change in deformation mode through significant rotation and lipping of its

longitudinal joints and the local slipping of the ring joint.

Like in the 3UAB model, the downward reaction forces are concentrated at the R1 shoulders (see Figure
7.17.b). This time, the orientation of the tangential component opposes the opening of longitudinal joints
typical of sequential loading; thus, the hoop compression at the crown is more evenly distributed along
the ring width (see Figures 7.18.a to 7.18.c). This is consistent with the downward tilt of the crown
segments that promotes a more arch-like behaviour (see Figure 7.18.d). The peaks of hoop tension up
to +75pe at the front of the springline segments are again associated with pronounced radial rotations.

The distribution of hoop curvatures in R1 are governed by the radial ram pad forces at the fixed perimeter
(see Figures 7.18.e to 7.18.9). The peak values of -1.00%. decay rapidly with distance, and the overall
ovalisation of R1 and R2 free circumferences leads to maximum curvatures of +0.75%. at the springline
of R2 (see Figure 7.19).

a) Radial displacements [m] b) Reaction forces [N]

S

+3,000e-03
+7.500e-03
+6.000e-03
+4.500e-03
+3.000e-03
+1,500e-03
-6.9856-10
-1:5008-03
-3.000e-03 —{
-4.500e-03 \
-6.0008-03

-7.5008-03

-5:000e-03

+6.50e+04
+4.33e+04
+2.17e+04
-3.91e-03
-2.17e+04
-4.33e+04

-6.50e+04

— 1T~

Figure 7.17: 3UEKL model: R1 deformed shape and ram pad reaction forces
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7.8. Sequential loading with vertical pressure gradients

a) 3UEKL Hoop Mean Strains TBM SIDE [ ps] - Ring 1 b}y 3UEKL Hoop Mean Strains CENTRE [ps] - Ring 1 c) S3UEKL Hoop Mean Strains LINING SIDE [ ps] - Ring 1 d) 3UEKL Vertical Tilt [°] - Ring 1

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) SUEKL Hoop Curvatures TBM SIDE [*/oc] - Ring 1 fr 3UEKL Hoop Curvatures CENTRE [“foc] - Ring 1 ) 3UEKL Hoop Curvatures LINING SIDE [%/oc] - Ring 1 hy 3UEKL Longitudinal Curvatures CEMTRE [“/zc] - Ring 1

Figure 7.18: FEA results-3UEKL-R1
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7.8. Sequential loading with vertical pressure gradients

a) 3UEKL Hoop Mean Strains TBM SIDE [ us] - Ring 2 b) 3UEKL Hoop Mean Strains CENTRE [ =] - Ring 2 c) 3UEKL Hoop Mean Strains LINING SIDE [p=] - Ring 2 d) 3UEKL Vertical Tilt [7] - Ring 2

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) 3UEKL Hoop Curvatures TBM SIDE [“/z2] - Ring 2 ) UEKL Hoop Curvatures CENTRE [ /zc] - Ring 2 o) 3UEKL Hoop Curvatures LINING SIDE [“izc] - Ring 2 h) 3UEKL Longitudinal Curvatures CENTRE [“/ac] - Ring 2

Figure 7.19: FEA results-3UEKL-R2
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7.8. Sequential loading with vertical pressure gradients

7.8.2.3. Hoop ring behaviour with lateral fixity
When the R1 ring is subjected to lateral fixity, the free perimeter tends to move upwards under the action
of the uplift forces, which results in a skewed oval shape of the unsupported rings (see Figure 7.20.a).
The peak radial displacements are about £5mm regardless of the orientation or length of the fixed

perimeter.

In all models with lateral fixity, the downward action of the ram pads is mainly transferred through the
R1 springline segment KR (see Figure 7.20.b), except for the 3UKRAB model where the invert
constraints play an important role in preventing upward movements. Consequently, the invert segment
A becomes the most compressed segment in detriment of its adjacent segments, particularly the top part
of KR (see Figures 7.21.ato 7.21.c).

The asymmetry in ring distortion caused by the upward movement of the free invert segments is coupled
with the development of alternate hoop curvatures at the invert, positive in segment A and negative in
B (see Figures 7.21.e to 7.21.f and 7.22.e to 7.22.f). At the front of R1, the difference in upward
displacements between ring sides is bridged via hoop deformations and the lipping of longitudinal joints.
However, the contribution of joint lipping declines with distance from the ram pads; thus, the curvatures
reach peak values at the R1 rear and R2 front, +0.75%. and -0.25%o. In the rest of the ring circumference,
the hoop curvatures are minor, with greatest values at the crown near the ring joint caused again by ring

ovalisation.
The FE results of the 3UKR model are also included to illustrate the similarities in ring behaviour of

models with lateral fixity (see Figures 7.23 and 7.24).

a) Radial displacements [m] b) Reaction forces [N]

/ \ o

+4.500e-03 / +4.33e+04

3 D00e-03 / \ \\ E +2.,17e+04
[/ “

+1.500e-03 . |
+2.328e-10 _g‘?%gfﬂi
-1 500e-03 -433e+404
-3.000e- 1 .
-6.50e+04

-4.5008-03 m i
-6.000e-03 il |
\ ‘:\ .‘J‘
\ A /
\ \
X //1’{
B

Figure 7.20: 3UKRA model: R1 deformed shape and ram pad reaction forces
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7.8. Sequential loading with vertical pressure gradients

a) 3UKRA Hoop Mean Strains TBM SIDE [ps] - Ring 1 b) 3UKRA Hoop Mean Strains CENTRE [ps] - Ring 1 c) JUKRA Hoop Mean Strains LINING SIDE [ps] - Ring 1 d) 3UKRA Vertical Tilt [] - Ring 1

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) 3UKRA Hoop Curvatures TBM SIDE [ “/oc] - Ring 1 ) 3UKRA Hoop Curvatures CENTRE [“ioc] - Ring 1 ) 3UKRA Hoop Curvatures LINING SIDE [*/ac] - Ring 1 h) 3UKRA Longitudinal Curvatures CENTRE [“ioc] - Ring 1

Figure 7.21: FEA results-3UKRA-R1
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7.8. Sequential loading with vertical pressure gradients

a) JUKRA Hoop Mean Strains TBM SIDE [ps=] - Ring 2 b) 3UKRA Hoop Mean Strains CENTRE [ps] - Ring 2 c) 3UKRA Hoop Mean Strains LINING SIDE [ps] - Ring 2 d) FUKRA Vertical Tilt [*] - Ring 2

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) JUKRA Hoop Curvatures TBM SIDE [“/ac] - Ring 2 ) 3UKRA Hoop Curvatures CENTRE [ /o] - Ring 2 o) 3UKRA Hoop Curvatures LINING SIDE [*/ac] - Ring 2 h) 3UKRA Longitudinal Curvatures CENTRE [“foo] - Ring 2

Figure 7.22: FEA results-3UKRA-R2

209



7.8. Sequential loading with vertical pressure gradients

a) JUKR Hoop Mean Strains TBM SIDE [ps] - Ring 1 h) 3UKR Hoop Mean Strains CENTRE [ps] - Ring 1 c) JUKR Hoop Mean Strains LINING SIDE [ps] - Ring 1 d) 3UKR Vertical Tilt [°] - Ring 1

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) 3UKR Hoop Curvatures TBM SIDE [®/a=] - Ring 1 ) 3UKR Hoop Curvatures CEMTRE [“/aa] - Ring 1 0) 3UKR Hoop Curvatures LINING SIDE [“/zc] - Ring 1 h) 3UKR Longitudinal Curvatures CENTRE [“/a2] - Ring 1

Figure 7.23: FEA results-3UKR-R1
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7.8. Sequential loading with vertical pressure gradients

a) 3UKR Hoop Mean Strains TBM SIDE [ps] - Ring 2 b) 3UKR Hoop Mean Strains CENTRE [ ps] - Ring 2 ¢) S3UKR Hoop Mean Strains LINING SIDE [ ps] - Ring 2 d) 3UKR Vertical Tilt [?] - Ring 2

¥=0.8m
X=0.81m
¥=0.85m
¥=0.9m
¥=1l.6m

e) 3UKR Hoop Curvatures TBM SIDE [ioc] - Ring 2 f 3UKR Hoop Curvatures CENTRE [“/ac] - Ring 2 o) 3UKR Hoop Curvatures LINING SIDE [“/ac] - Ring 2 h) 3UKR Longitudinal Curvatures CENTRE [“/ac] - Ring 2

Figure 7.24: FEA results-3UKR-R2
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7.8. Sequential loading with vertical pressure gradients

7.8.2.4. Longitudinal ring behaviour

The ram pad transverse action has also an impact on the local longitudinal behaviour of the unsupported

rings.

Overall, at the ends of the fixed perimeters, the vertical tilt of R1 segments changes abruptly due to the
transition from fixed to free segment rotations. For example, with invert fixity, the R1 top segments
exhibit moderate vertical tilt, up to +0.050°, while the restraints of invert segments accentuate the
negative tilt up to -0.125° values (see Figure 7.15.d). With crown fixity, the vertical tilt of top segments
is reversed while the free invert segments develop negative tilt up to -0.125°, which is corrected later to
virtually null values when X=1.6m (see Figure 7.18.d). With lateral fixity, the constrained segments
undergo small vertical tilt, the free invert segment B reaches values of -0.125° before the completion of
the advance while the top free segments exhibit moderate tilt of about 0.050° (see Figure 7.21.d).

Likewise, the radial ram pad reactions cause the longitudinal bending of the fixed segments in a
cantilever-type mode and with sign opposite to their induced hoop curvatures, i.e. at the R1 centreline,
the distribution of longitudinal curvatures mirrors the hoop curvatures of the R1 front (see Figures
7.15.9, 7.18.g and 7.21.g). Absolute peak values oscillate between 0.50%o and 1.00%o.

7.8.3. Potential damage during sequential loading
The numerical models evidenced that the sequential loading with uplift pressures under the condition of
an uneven ram-pad interface can lead to two modes of concrete damage in the fixed segments: cracking

near the rear corners and concrete spalling at the interspaces between ram pads (see Figure 7.25).

The contact length at the longitudinal joint separating the fixed and free condition of the R1 segments
can be shortened by two mechanisms: the difference in radial rotation between the adjacent segments
and the reduction in total hoop force induced by tangential ram pad reactions. The spread of the hoop
force from a limited compression zone at the rear of the segment to the full segment width will generate
transverse, longitudinal, tensile stresses within the disturbed region. Additionally, the radial ram pad
reactions concentrated at the ends of the fixed perimeter yield longitudinal curvatures near the
transitional longitudinal joint that reach peak values at the rear corners. When the spread of hoop forces
at the back of the joint is combined with pronounced longitudinal bending, the fixed segment
experiences high tensile longitudinal strains near the rear corner that may lead to concrete cracking, e.g.
+390pe in model 3UAB. The models show that the distribution of the ram pad reactions makes the

cracking more likely at the intrados than extrados of the rear corners (see Figure 7.25.a).

Figure 7.25.b also illustrates that the peak spalling strains in the fixed segments can be increased by the
additional hoop tension caused by the tangential ram pad reactions. For instance, in the 3UAB model,
the spalling strains reach a maximum of +220ue as opposed to the +105ug in axisymmetric free

conditions.
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7.8. Sequential loading with vertical pressure gradients

a) Hoop cracking and corner chipping at rear corners of fixed segments
Radial displacements
(from Figure 7.14)

Longitudinal strains

EE, EE33

(Avg: 75%)
+4.000e-04
+3.500e-04
+3.000e-04
+2.500e-04
+2.000e-04
+1.500e-04
+1.000e-04
+5.000e-05
+0.000e+00
-5.677e-04

Max: +3.893e-04

Elem: SEG-A-1.308
Node: 250

Min: -5.677e-04
Elem: SEG-E-2.10154
Node: 5866

Contact
pressure

b) Spalling at ram pad interspaces of fixed segments
Reaction forces
(from Figure 7.14)

- -
Hoop strains

EE, EE22

(Avg: 75%)
+2.1372-04
+2,000=-04
+1.750a-04

+1.
+1.000e-04
+7.500e-05
+3.000e-05
+2.500e-05
+0.000e+00
-1.96%92-03

Max: 42.137a-04
Elem: SEG-4-1.8204
Node: 1362

Min: -1.969e-03
Elem: SEG-4-1.308
Node: 250

Figure 7.25: Damage modes in a CSL subjected to sequential loading with pressure gradients

7.8.4. Influence of other parameters on lining response

The effect of ram load distribution, L, and CSL features, such as the R1 rolling, the longitudinal joint

geometry and the use of spear bolts, is evaluated here through indicators of ring behaviour and structural

damage (see Figure 7.26). The parametric study is based on variations of the 3UKRA model. However,

all the models examined in section 7.8.2 are included in Figure 7.26 for completion.

The ring distortion is represented by R1 peak radial displacements and hoop moments. The likelihood

of structural damage is assessed via spalling strains at the ring joints and peak longitudinal strains at the
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7.8. Sequential loading with vertical pressure gradients

rear corners of R1 segments. The contact quality of R1 longitudinal joints by the end of the advance is
considered through maximum joint rotations and lipping, contact pressures and minimum contact
lengths. The watertightness is evaluated qualitatively via the gasket gaps and joint lipping remaining
when X=1.6m.

When L, is increased to 3 rings, the ring distortion is doubled, e.g. peak radial displacements grow from
6mm to 12mm. Consequently, the hoop moments also rise by +40kN/m from the baseline values of
+40kN/m and -20kN/m. The risk of structural damage is accentuated: both peak spalling strains and
tensile strains at rear corners increase from +200ue to +250pue. The contact quality of longitudinal joints
is deteriorated without undermining joint watertightness: peak joint rotations double from 0.1° to almost
0.2° and the joint lipping at the keystone joint triples to 12mm while gasket openings remain close to

Imm.

The temporary bolts modify locally the ring distortion where there is differential rotation between
adjacent segments. Therefore, the above 12mm joint lipping drops to 4mm at the expense of a minor

increase in maximum gasket opening from 1mm to almost 2.5mm.

The ring rolling can influence the tendency to crack formation at the rear corners of R1 segments since
the peak tensile longitudinal strain of the 3UKRA model with the CAM4 rolling becomes +350ue as
opposed to the +200ue baseline.

The ram loads applied to CAM3 and CAMA4 rings in their first advance do not bring significant changes
in the selected indicators, suggesting that the distribution of longitudinal loads with reasonable margins
may be a secondary factor in ring behaviour during advance.

The use of flat longitudinal joints decreases the ring distortion by virtue of limited joint rotations, less
than 0.025°, although the hoop moments are comparable with those of curved jointed CSLs. The
required ram pad reactions to prevent movements along the ring perimeter are much smaller, which
entails a reduction in spalling strains and longitudinal tensile strains. The latter strains are also benefited
from the deep contact patches typical of flat joints without out-of-plane angularities. The short contact
length and the wider gasket gaps exceeding 1mm may indicate a greater in-plane angularity of

longitudinal joints by the end of the advance.
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7.8. Sequential loading with vertical pressure gradients
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Figure 7.26: Parametric study on local lining response

215



7.9. Conclusions

7.9. Conclusions

The effect of ring sequential loading and uneven TBM-lining transverse interactions on ring behaviour
and structural damage near the tail skin has been hardly researched despite the in situ evidence that it is
precisely at the early TBM cycles when CSLs undergo most damage during construction (see chapter
1). In this chapter, a detailed investigation of ring behaviour under the sequential loading experienced
in one TBM advance is conducted with the aid of 3D FE structural models of two and ten CSL rings.
The study tackles two loading scenarios: sequential loading under axisymmetric conditions,
representative of a ring concentric with the tail skin, and sequential loading with radial pressures with
vertical gradients and uneven ram pad-lining interface, for an eccentric ring (see chapter 8).

The numerical study demonstrates that the damage modes in both scenarios are similar: corner chipping
or cracking at the rear corners of R1 segments and spalling at the intrados of ram pad interspaces in the
R1 front circumferential face. The case of an eccentric ring increases the risk of damage.

a) Sequential loading under axisymmetric conditions:

In structures made of several rings, when a ring is eccentrically compressed, there is longitudinal
migration of hoop compression to neighbour rings through the development of radial coupling forces
at circumferential joints. The load share between rings depends on the magnitude of longitudinal

loads and type of ram pad boundary.

In free conditions, both the sequential ring compression and the offset of ram longitudinal loads
relative to the packers cause the radial rotation of individual segments, which leads to the typical
“tulip shape” observed on the field (Gruebl, 2006). In fixed conditions, the segment rotations are

negligible.

The magnitude of radial tilt is given by the eccentric radial loading, the radial moment resulting
from the longitudinal loads and the ram pad eccentricity applied, and the rotational stiffness of the
circumferential joints. Keystones with poor lateral support experience high peak rotations and
significant residual tilt at uniform ring compression, which suggests that they are more prone to
chipping at rear corners under axisymmetric conditions. Negative (outward) ram eccentricities
magnify outward rotations, particularly at the keystone. Positive (inward) eccentricities can fully

compensate segment rotation.

The optimisation of the ring joint design can inhibit a great proportion of segment rotations. Packer
depths equal to joint depths reduce rotations considerably. Packer materials with low initial stiffness
and substantial stiffening under compression can prevent permanent “tulip shapes” without

undermining the longitudinal load redistribution within packers.
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7.9. Conclusions

Flat jointed rings may be more likely to develop permanent “tulip shapes” and chipping at corners
under axisymmetric conditions. High longitudinal loads or medium longitudinal loads with negative
ram pad eccentricity can increase the risk of concrete spalling.

It may be appropriate to prioritise ring orientations where keystones are placed at upper rather than
lower positions to avoid greater rotations under selfweight.

b) Sequential loading under vertical pressure gradients:

The ram pad-lining interface determines the ring deformation modes and internal forces within the
unsupported length of CSLs subjected to radial pressures with vertical gradients. With a fully fixed
ram pad boundary, the ring deformations and hoop moments remain small. With mixed ram pad
boundary conditions, ring deformations and curvatures within L, can become substantial. For
example, when the upward movements are restrained at the crown or invert, the ring either squats
or sgqueezes onto a roughly elliptical shape that attenuates with distance from the TBM. The TBM
reaction forces concentrated at the edges of the restrained circumference lead to the reduction of
compression at either crown or invert and sharp hoop curvatures up to 1.00%. at shoulders or knees.
When the fixed boundaries are situated at one side of the ring, the ring deforms into a skewed oval
shape with varying orientation depending on the boundary. The downward tangential stresses at the
springline tend to dominate the TBM interaction with the lining, which have an impact on hoop
force distribution. The asymmetric deformation mode produces alternate hoop curvatures up to

0.75%o at the front of invert segments.

The amplitude of the ring response, conditioned by the quality of ram pad-lining interactions, and
the risk of damage is directly related to the magnitude of the pressure gradients, L, and the ring
flexibility. The risk of damage is also influenced by the orientation of the constrained segments with

respect to the pressure gradients and the R1 ring rolling.

The risk of cracking at the rear corners of constrained segments is caused by the combination of
high negative longitudinal curvatures and short contact lengths at the ends of the R1 fixed perimeter
caused by the radial action of the ram pads. The risk of concrete spalling in the constrained segments

is increased by the tangential action of the ram pads on the circumferential face.

The higher rotational capacity of flat longitudinal joints lead to smoother ring distortions, which
implies smaller joint rotations and spalling strains, at the expense of greater peak in-plane
angularities of the longitudinal joints. The latter may suggest a greater propensity to corner chipping,

particular at flat joints with initial contact imperfections.

Finally, the temporary bolts proved to be effective in limiting the differential radial rotations of

adjacent segments in R1.
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8.1. Introduction

Chapter 8
Thames tunnel field data interpretation: local CSL

response to sequential construction

8.1. Introduction

A great number of publications to date on the structural behaviour of CSLs during shield tunnelling
focuses on the effects of grout pressures on lining response and neglects or oversimplifies the
TBM-lining transverse interaction near the tail skin. For example, in the most complex numerical
models targeting typical geotechnical problems associated with shield tunnelling such as surface
settlement or the impact of tunnel construction on adjacent structures, the modelling efforts are
concentrated on the support pressures of the tunnel cavity while sealing pressures are ignored,
hydraulic jacks are represented by trusses and the tunnel segmental structure is simplified (Ninic et al.,
2017). In sequential tunnel beam models, it is generally assumed that the net TBM transverse action
on the tunnel is null (Hoefsloot, 2007; Talmon et al., 2009c), even though it is acknowledged that
TBM transverse forces may be an important factor of longitudinal behaviour (Bezuijen and Talmon,
2009). In bedded 3D numerical models of multiple segmental rings simulating the effects of
construction loads on lining performance, the interface between TBM and lining tends to be reduced to
full in-plane fixity at the contact between ram pads and lining (Blom et al., 1999; Ishimura et al.,
2013).

It can then be inferred that it is usually presumed that the transverse interaction between TBM and
lining either does not exist or has little influence on the lining behaviour because it is expected to be

evenly distributed along the ring circumference.

Conversely, the study on field pressure gradients in chapter 6 verified that both CTT instrumented
rings, CAM3 and CAM4, were subjected to lining pressure gradients much greater than grout-static
near the tail skin. The calibration of sequential beam models against the eccentricity of measured mean
longitudinal strains also proved the need for net TBM transverse loads acting in the vertical direction
in the six advances following CAM3 assembly and in the horizontal direction in the ten advances after
CAMA4 erection.

The analytical models based on the sequential assembly and loading of elastic rods (and beams) in
shear (and transverse) interaction with elastic ground, however, can only provide information on the
tunnel longitudinal response and cannot describe or predict ring behaviour. In order to facilitate the

CTT field data interpretation on in situ ring behaviour near the tail skin, a 3D numerical study on CSL
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8.2. CSL loading scenarios during construction

local response to sequential loading during one TBM advance was conducted in chapter 7. The study
tackled the structural performance of rings subjected to axisymmetric sequential compression and
boundaries; and rings subjected to high vertical pressure gradients with variable ram pad-lining
interface. It was found that the latter case led to local ring distortion and bidirectional segment bending
in those rings not bedded yet in the ground, which increased the risk of structural damage during

sequential loading.

In this chapter, the in situ response of the CTT instrumented rings subjected to construction loads in
early TBM cycles and how such response can determine long term behaviour are investigated in detail
with the support of the numerical study performed in chapter 7. Based on the CTT field data
interpretation, a theoretical framework for the development of limit state design methods that captures
the effects of shield tunnelling on the CSL response is proposed: construction loading scenarios
representative of field conditions where TBM-lining transverse interaction plays a key role are
identified; the CSL structural response and damage mechanisms associated with these CSs are also

described. The CSs are presented first for clarity purposes.

8.2. CSL loading scenarios during construction

Extensive research on lining pressures of CSLs simultaneously backfilled with MGs enabled the
development of theoretical models of grout behaviour within the tail void (Talmon et al., 2001;
Talmon and Bezuijen, 2006) that explained the mechanisms driving the history of lining pressures and
provided a reliable estimation of in situ measurements (see chapter 6). However, in several tunnel
projects where CSLs were backfilled with BGs, the field lining pressures exhibited high vertical
pressure gradients in early advances beyond grout-static values that the grout models developed for
MGs could not explain (Talmon and Bezuijen, 2005) and contradicted the uniform distribution
expected from the material properties of BGs (see chapter 6). Talmon and Bezuijen (2005) attributed
the high gradients to lining movements against hardened grout; Koyama (2003) correlated the high

lining pressures with the contact between segments and steel wire brushes.

Steel brush seals can accommodate tail clearance tolerances, generally between £20mm and +40mm
(Maidl et al., 2012), at the expense of deforming the steel stiffeners that support the wire brushes (see
Figure 8.1). The pressures exerted by the steel plates onto the ring exiting the tail skin must depend on
the tail clearance: the smaller the tail gap, the greater the reactive pressures. The sealing compound
filling the sealing chambers is pressurised at least at 2bar greater than the grout injection pressures
(Maidl et al., 2012). Being a fluid that can flow within the annular chambers, it is expected that the
compound or grease pressures are not influenced by tail clearance. Consequently, any variations in tail
clearance along the ring circumference in contact with the sealing system must result in an uneven

distribution of sealing pressures through the variable deformation of the stiffeners.
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8.2. CSL loading scenarios during construction

Front stiffener

Support board

Wire brush

Back stiffener

Figure 8.1: Parts of TBM wire brush seal (after Shandong East Machinery & Equipment Co., 2017)

Accordingly, when the tail skin and the tunnel share the same longitudinal axis and are concentric to
each other, the sealing system pressures must be fundamentally axisymmetric and the hydraulic jacks
applied with no inclination, providing lining imperfections and TBM tolerances are negligible.
However, this is rarely the case on site. The clearance between tail skin and lining can change around
the ring perimeter with the longitudinal deflection of the lining, the TBM steering and the deformation
of the rings inside the shield tail.

Figure 8.2.a illustrates the changes in tail clearance caused by the offset position of the lining with
respect to the tail skin. For example, in a tunnel section with straight alignment and no rotation of the
TBM axis, the longitudinal response of the tunnel to uplift forces can lead to eccentricity between
shield tail and lining and the inclined application of hydraulic jacks. When the TBM steers around a
curve or rotates to rectify its position according to the planned alignment, the shield tail axis may
exhibit a certain angle and offset against the nominal tunnel position at the tail chainage. The ram
loads are applied at an oblique angle and are greater on the outer side than on the inner side of the
curve, leading to a net longitudinal moment and transverse load that deflects the tunnel tube in the
direction opposite to the TBM rotation (see Figure 6.18). The longitudinal response of the tunnel

increases the relative inclination and eccentricity between tail skin and lining.

Figure 8.2.b. shows that in situ ring imperfections caused by assembly, sequential loading, the
transverse component of ram loads or ram pad eccentricity can also alter the clearance between the tail

skin and individual segments.
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8.2. CSL loading scenarios during construction

a) Change in tail clearance due to ring eccentricity b) Change in tail clearance due to ring deformation
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Figure 8.2: Causes of variable clearance between tail skin and lining
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8.2. CSL loading scenarios during construction

The interpretation of the CTT field data undertaken in chapter 6 and in the following sections of this

chapter led to the identification of three CSs near the tail skin, and their associated mechanisms of

CSL response, where the TBM-lining transverse interaction is significant and may be conducive to

structural damage:

a)

b)

Construction scenario 1 (CS1): Concentric ring

In this scenario, it is assumed that the last assembled ring, R1, remains roughly concentric
with the shield tail, which implies that the TBM is driven through a straight alignment or the
beginning of a transition curve and presents no deviation in axial orientation (see Figure
8.3.a). The TBM transverse reaction may be required to restore lining stability against uplift
forces behind the TBM. Given R1’s concentric position, the downward action must be
delivered by the hydraulic jacks. In the case of CSLs simultaneously backfilled with BGs, the
magnitude of the transverse reaction must be small since L, is short and the grout pressure
distribution fairly uniform (Peila et al., 2011).

The risk of structural damage during sequential loading, i.e. chipping or cracking at R1 rear
corners and spalling at ram pad interspaces is lower than in the scenario of an eccentric ring

(see chapter 7).

Construction scenario 2 (CS2): Eccentric ring

In this scenario, R1 has an eccentric position with respect to the tail skin, inherited from
previous TBM cycles and/or developed during the following advance, AD1. The sealing
pressures vary smoothly along the ring circumference and are inversely correlated to the tail
clearance. The hydraulic jacks must exert an opposite action to ensure equilibrium against the
net unbalanced pressures.

Structural mechanism:

For example, in a transition towards uphill excavation (see Figure 8.3.b), the TBM steering
around the vertical curve results in an eccentric position of the lining where tail clearances are
smaller at the invert and greater at the crown. The sealing pressures exhibit a positive vertical
pressure gradient and, of course, are unrelated to the grout-static pressures.

The pitch angle of the TBM and the typical vertical deflection of a tunnel subjected to uplift
forces also lead to a relative angle between tail skin and R1, which is exacerbated by both the
longitudinal moment required to steer the TBM around the vertical curve and the net
transverse action of the oblique hydraulic jacks.

The vertical pressure gradient tends to shift the ring upwards to approach a position concentric
with the tail skin. This upward movement is opposed by the downward action of the oblique

hydraulic jacks, mostly delivered at the bottom half of R1.
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8.2. CSL loading scenarios during construction

The transverse component of the ram loads leads to the inward and outward rotation of top
and bottom segments respectively, potentially increasing and decreasing the tail clearance in
each case. The tendency of invert segments to rotate radially outwards impedes the release of
the reactive sealing pressures exerted by the deformed stiffeners, which in turn limits the
segment tilt to the minimum.

Structural damage:

This scenario was studied and discussed in chapter 7 with the aid of simplified 3D numerical
models. It was found that the combination of high seal pressures gradients and the uneven
interaction with hydraulic jacks in one advance causes ring distortion within L, particularly in
the ring in contact with the sealing pressures. The magnitude of ring deformations depends on
Ly, the pressure gradients and the longitudinal joint stiffness; the deformation mode is
governed by the relative orientation of pressure gradients and the length of ring circumference
with active hydraulic jack transverse interaction. The risk of structural damage in the form of

corner cracking or chipping and spalling is increased.

Construction scenario 3 (CS3): Rotated segment

In this scenario, highly concentrated reactive pressures act on a R1 segment that has
undergone significant outward radial rotation due to either the transverse component or
eccentricity of ram loads.

Structural mechanism:

For example, when the TBM steers around a horizontal curve, it can be generally assumed that
all hydraulic jacks exhibit a similar inclination with respect to the lining given by the relative
angles between TBM and lining (see Figure 8.3.c). The transverse loads delivered by the ram
pads are proportional to the axial loads in the cylinders as long as the friction resistance of the
ram pad-lining interface is not exceeded. The transverse loads are greater on the outer side of
the curve than on the inner side and push the R1 outer segments outwards and the inner
segments inwards.

The outer segment at the springline, with the lowest moment of inertia about the in-plane axis
perpendicular to the transverse load, experiences the highest radial rotation. If the segment
rotation is sufficiently high, the tolerance of the steel brush seal may be exhausted and there
could be local concentration of normal sealing pressures on the segment due to the excessive
deformation of the stiffeners.

In extreme cases, the rotated segment could make contact with the shield tail, thus a highly
concentrated reaction would also act at the TBM edge of the segment extrados.

Structural damage:

Figures 8.4.a and 8.4.b outline the loads acting on the rotated segment and its subsequent

deflection diagrams.
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8.2. CSL loading scenarios during construction

Without direct contact with the shield tail, the segment curvatures around the segment centroid
are anticipated to be predominantly negative in both directions, being the longitudinal
curvature k; greater than the hoop curvature ki, as the segment width W is shorter than the
segment length L.

When there is contact with the shield tail, the reaction load at the TBM segment edge would
largely determine the magnitude of curvatures particularly in the longitudinal primary section.
Positive longitudinal curvatures are expected along the longitudinal primary section whilst
hoop curvatures at the segment centroid would tend to be fundamentally negative.

Despite peak curvatures being greater in longitudinal than hoop direction, the longitudinal
compression of the hydraulic jacks mostly prevents the formation of hoop cracks in both
loading cases. The segment, however, is prone to longitudinal cracking at the TBM side of the
segment intrados due to the combined action of flexural cracking and pure tension. The former
is mainly caused by the concentrated seal and/or tail loads described above; the latter is the

result of the ring sequential loading and segment rotation (see chapter 7).
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8.2. CSL loading scenarios during construction

a) CS1: Concentric ringl in straight alignment
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b) CS2 example: TBM steering around an uphill vertical curve
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Figure 8.3. Construction scenarios
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8.3. Further considerations on processed field data

a) Without contact with shield tail b) With contact with shield tail

External transverse loads External transverse loads

N
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2\ 4¢
\ ——3 Shield tail

— " Hydraulic jacks
Ea Steel brush seal

Outline of deformed shape Outline of deformed shape

Figure 8.4. CS3 loading and segment response

8.3. Further considerations on processed field data

The discussion on hoop membrane behaviour is based on raw hoop mean strains along longitudinal
primary sections after elimination of the Poisson effect. The influence of the load spread on these hoop
strains is deemed small along this primary section (see chapter 5). The gradient of the linear hoop
mean strain distribution is calculated as the best fit to measured BOTDR strains that crosses the
VWSG strain, assuming that the measurement uncertainty of the latter is negligible. Total hoop forces,
in-plane moments and mean lining pressures are derived from the distribution of zeroed hoop mean

strains.

The transverse strains at the BOTDR lateral hoop sections associated with the longitudinal load
spreading cannot be excluded from the processed data. The Poisson effect is not corrected for the

BOTDR curvatures given that the corrections are much smaller than their nominal dispersion.
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8.4. Field response to sequential assembly

When the data sets last captured in a certain advance correspond to a swept distance or time far from
the advance completion, the next data set in the following assembly period may be more representative
of CSL response by the end of the advance.

8.4. Field response to sequential assembly

Prior to the first TBM advance, the weight of the instrumented rings is sustained by the action of the
hydraulic jacks plus the shear and normal reactions delivered by the compressed packers and dowels at
the circumferential joints. No radial pressures are applied yet, and therefore the hoop compression of
the segments must be fundamentally null unless there are significant contact deficiencies at their
joints.

8.4.1. CAM3ring

The BOTDR hoop profiles of raw mean strain and curvature at the centreline and TBM side of CAM3
segments captured before CAM3 cyclel are shown in Figure 8.5. Hoop mean strains and curvatures

are consistently close to zero in all segments except for segment B3.

The sharp changes in B3 mean strain and curvature must be caused by the uneven distribution of the
longitudinal thrust in a segment with contact deficiencies originated during ring erection, given that
such strain patterns are perpetuated over the entire monitoring period. Since the adjacent segments in
CAM3 exhibit uniform and almost null hoop deformations, the contact imperfections must take place

at the circumferential joint with the previous ring, R2.

Cavalaro (2009) studied the structural response of segments with uneven support at one
circumferential joint. When the deformation of the segment cannot close the gap at the imperfect
circumferential joint, the segment behaves as a deep beam undergoing significant shear deformation.
The longitudinal loads are transferred to the active supports leading to a state of plane stress within the
segment body that can be effectively represented with strut and tie models (STMs). Figure 8.5.c shows
Cavalaro’s STM for a segment subjected to two sets of ram loads in one side and with a single support
at the opposite side. The right load is transferred through a diagonal compression strut to the support,
which causes hoop tension at the TBM side. Following the strut and tie analogy, local hoop

compression must also be originated in the vicinity of the single support.

Figure 8.5.d and 8.5.e illustrate possible STMs and foreseeable crack patterns in a CTT segment
subjected to three sets of longitudinal loads at one side and uneven support at the opposite side. In the
case of a single support, the STM is equivalent to the superposition of two Cavalaro’s STMs, one for
each unbalanced load, which results in higher hoop tension between the ram pads closest to the
support, RP1 and RP2; the segment will be prone to crack longitudinally at the TBM side between

these two pads. The segment may also exhibit diagonal shear cracks isolating the compression struts
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8.4. Field response to sequential assembly

(Nilson et al., 1991). There may be continuity between the longitudinal tension crack at the TBM side
and the diagonal shear cracks along the mid strut. When the segment is provided with two supports,
one compression strut is formed laterally and the same crack mechanisms will take place with the
cracks situated this time between ram pads RP2 and RP3.

The B3 mean strain profiles would appear to accommodate better the state of stresses and crack
patterns of Figure 8.5.d, where the segment lacks the longitudinal supports aligned with ram pads RP2
and RP3: at the TBM side, there is moderate hoop membrane tension with a peak of about +130pue
between RP1 and RP2; at the segment centreline, the hoop membrane strains vary from about null
strains in the vicinity of RP3 to almost +300ue between ram pads RP1 and RP2. Despite the difference
in maximum mean tensile strains at the centreline and TBM side of the segment, the peak extreme
fibre tensile strain in both primary sections is in the order of +400ue and situated at the segment
extrados (see Figure 5.33.c, p.134), which indicates that both sections are crossed by concrete cracks

at the extrados.

The B3 hoop curvatures computed from pairs of measured strains are quite variable along the segment
length and width and reach peak values in the order of 1.5%o.. The cause of such deformational patterns
is not clear. First, there may be some measurement uncertainty associated with the identification and
alignment of DFOS sections in parallel topologies. Second, cracks may not develop equally at the
extrados and intrados of concrete segments due to material inhomogeneities or the action of
contemporary loads applied in other directions. The disparity between the two profiles appears to
suggest that the segment is subjected to torsion.

Figure 8.6 presents the history of raw hoop mean strain profiles along the longitudinal primary section
for all CAM3 segments derived from BOTDR and VWSG data. Segment B3 is omitted due to VWSG
data loss (see chapter 5).

Overall, the raw hoop mean strains at segment centroids before cyclel, i.e. the reference strains, are
fairly close to zero, which evidences that the effect of contact deficiencies at circumferential joints

near the centroid of all segments other than B3 is negligible, and therefore these are minor.

The limited raw hoop gradients exhibited by all segments prior to cyclel indicates that contact
imperfections at longitudinal joints after ring erection are also small. Segment D3 displays the greatest

hoop strain gradient, with extreme membrane strains of about £100pe.

8.4.2. CAM4ring
The BOTDR hoop profiles before CAM4 AD1 in Figure 8.7 show that both mean strains and
curvatures are uniformly distributed along the segment length with values close to zero in all hoop
primary sections of CAM4 segments; which suggests that the erection of CAM4 segments against the

previous ring has not caused significant contact imperfections.
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8.4. Field response to sequential assembly

Like in CAM3, the hoop membrane strains at the longitudinal primary section prior to cyclel are
approximately null for most segments, with extreme fibre strains in the order of £50ue except for
segment C4, which exhibits £100ue peak strains (See Figure 8.8.a).
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8.4. Field response to sequential assembly

a) CAM3 Hoop Mean Strains [pe] and Curvatures [/.] prior to Cyde 1
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Figure 8.5: CAM3 hoop mean strains and curvatures prior to cyclel
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8.4. Field response to sequential assembly
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Figure 8.6: CAM3 raw hoop strains during sequential loading
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8.4. Field response to sequential assembly

e) Irrecoverable deformations at _
longitudinal joints

Peak hoop gradients at
beginning of AD2, mostly f) Ram loads during cycle 1
developed during AD1

Segment C3

Segments under low

<:| longitudinal compression
during AD1

a Uh' m

AEﬁ,m

B3 D3

))/

Segment D3

c

E3
SegmentE3 :
ﬂEﬁjm
D3 KL3
-200ue :
I
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Figure 8.7: CAM4 hoop mean strains and curvatures prior to cyclel
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8.4. Field response to sequential assembly
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8.5. Field data interpretation on cycle 1

8.5. Field data interpretation on cycle 1

According to HMJV information on the tunnel drive, it is generally assumed in this study that the
instrumented ring makes contact with the first row of steel wire brushes for the first time at about one
fifth of AD1, i.e. SD=0.3m. Since the width of the sealing system was in the order of 0.875m, the ring
would start to exit the tail skin and be surrounded by the annular grout at SD=1.175m. The relative
position of tail seal and lining along the tunnel axis, however, depends on the stroke of the hydraulic
jacks and therefore it is expected to be slightly different for each TBM advance and to vary along the
ring perimeter with TBM steering.
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Figure 8.9: Sealing pressures with swept distance

The response of the rings immediately behind the TBM can be described through the construction
scenarios defined in section 8.2 or their combination. The construction scenarios CS1 and CS2 for
concentric and eccentric rings against the shield tail were examined in chapter 7 via 3D FE models of
sequential loading in one TBM advance. The knowledge gained through the numerical study is applied
here to interpret the set of field data gathered on cyclel and validate the theoretical framework of

construction loading scenarios outlined in section 8.2.

The numerical simulations performed the sequential application of a radial pressure distribution with
either null or positive vertical gradient on a CSL longitudinally compressed by uniform ram loads and
with in-plane displacement restraints along variable sections of the ring face in contact with the ram

pads.

In field conditions, however, TBM transverse actions may imply partial rather than full constraints of
ring displacements even in those segments with most active TBM-lining interfaces: indeed, the
calibrated tunnel beam models predicted small lining movements of the instrumented rings at a one
ring distance from the TBM (see chapter 6). Changes in shield steering or the lining response may
influence the interactions between TBM and lining within the duration of a TBM cycle. In situ ram
loads, even during straight tunnelling, tend to be unevenly distributed along the ring circumference

and may be applied with certain eccentricity, which can also change during a TBM cycle.
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8.5. Field data interpretation on cycle 1

It then follows that the FE reference models must be regarded as a guide for field data interpretation
and some discrepancies with the numerical results must be expected. This may be particularly true for
the vertical tilt and the longitudinal curvatures that may be more influenced by the unmonitored tilt
during ring erection and ram pad eccentricity.

8.5.1. CAMS3ring

Figure 8.10 summarises the general conditions of CAM3 and CAM4 rings regarding planned tunnel
alignment, recorded TBM ram loads and the net TBM transverse actions inferred from the field data

interpretation on the CTT longitudinal response undertaken in chapter 6.

a) Tunnel alignment
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Figure 8.10: CAM3 and CAM4 general conditions
During AD1, CAM3 was subjected to moderate TBM longitudinal moments My and M, the mean
lining pressures presented substantial vertical and horizontal gradients of about 60kPa/m and 20kPa/m
respectively and additional net vertical TBM loads were required for the calibration of the sequential

tunnel beam model. The magnitude of vertical and horizontal pressure gradients being greater than
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8.5. Field data interpretation on cycle 1

grout-static suggests that CAM3 is subjected to the construction scenario typical of a ring eccentric
with respect to the tail skin (CS2). The minimum tail clearance must be situated at the lower quarter of
the ring outer side, near the invert, which is consistent with the expected position of a ring erected
during uphill excavation and moderate TBM steering around a horizontal curve (see section 8.2).

The longitudinal ram loads present a stepped distribution that is roughly symmetrical about an axis
passing through the A3 centroid, i.e. 60° below springline on the outer side of the tunnel horizontal
curve (see Figure 8.11.e). Minimum ram loads of 50bar/ram take place at the inner shoulder;
maximum ram loads of 200bar/ram are applied to the outer bottom ring quarter. Such loading profile

remains roughly constant for the entire advance, with fluctuations smaller than 50bar/ram.

According to the construction scenario CS2, the transverse action of the hydraulic jacks preventing the
movement of the lining towards a concentric position will be most effective at those segments where
the rams exert the highest axial loads with greatest relative inclination with respect to the ring (see
Figure 8.3). Both the field pressure gradients (see Figure 8.11.c and 8.11.d) and the ram load
distribution point to A3, and KR3 to a lesser extent, as the segments with most active ram pad-lining
interactions. The transverse action of the rams pushes these segments against the sealing system,
locking their position and restraining their rotations. If the effect of horizontal pressure gradients is
regarded as secondary, the above loading situation must be well described by the 3D FE model
3UKRA, which can be considered the reference model for CAM3 field data interpretation during AD1.

In the following sections, the field data is analysed in detail to confirm the above hypotheses. Figure
8.11 illustrates the complete field data set on ring behaviour for CAM3 during its cyclel. Figure 7.22

is recalled here to facilitate the comparison between numerical results and field observations.

8.5.1.1. Lining pressures
The first CAM3 pressure data set takes place at SD<0.3m (see Figures 8.11.a, 8.11.c and 8.11.d). The

ring has not made contact yet with the sealing system and the lining pressures are virtually null.

At the next pressure profile, at SD~0.9m, the first two rows of steel wire brushes are touching the ring
with more than half the compound pressures directly applied onto CAM3. The lining pressures present
a roughly linear gradient with depth of about 30kPa/m and slightly greater pressures at the outer than
inner side of the ring. Such pressure distribution indicates that the ring may have encountered the steel
wire brushes at an eccentric position: the greatest tail clearance occurs near the crown, where lining

pressures are null; the narrowest gap, along segment A3, with peak pressures of about 200kPa.

At the field pressure data set with 1.2m swept distance, the full sealing system has just moved over the
ring, particularly at the bottom part of the outer side where the ram stroke is longer. The pressure
gradients increase further up to 50kPa/m and 12kPa/m in vertical and horizontal directions; the highest
and lowest lining pressures are reached again at segment A3 and E3 respectively, i.e. 360kPa and
60kPa.
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8.5. Field data interpretation on cycle 1

The next pressure profile, at SD~=1.6m, was captured at the beginning of AS1 and it can be deemed
representative of lining pressures at the end of AD1. At this stage, the entire sealing system is in
contact with the ring and roughly centred with the segment width, W, while the ring rear is surrounded
by the annular grout. There is a general increase in lining pressures with respect to the previous data
set of about 100kPa at the crown and 150kPa near the invert with a minor increase in vertical and
horizontal pressure gradients. It can be inferred that at this stage the total action of the steel wire
brushes has not changed substantially and thus the grout pressures near the TBM have a fairly

axisymmetric distribution.

During AS1, the TBM advance is interrupted. The lining pressures and pressure gradients remain
fundamentally constant besides very minor fluctuations that may be related to the repeatability of

BOTDR measurements or partially caused by segment movements during the erection of the next ring.

8.5.1.2. Hoop membrane behaviour
It was explained in chapter 7 that the radial compression of R1 at its rear, typical of sequential loading
during AD1, tends to open the longitudinal joints and to develop hoop tension at the ring front as a
result of compatibility of deformations.

The hoop membrane profiles of CAM3 during AD1 are shown in Figures 8.11.i to 8.11.1. At
SD~0.9m, when the ring is mainly loaded at the rear end of the bottom segments, these lower
segments experience significant hoop tensile strains at their front: the BOTDR profile at the TBM side
displays peak tensile strains of +100ue at B3 and +50ue at KR3 and A3. The lateral hoop tension is

corrected with the progressive compression of R1, and by the end of AD1 is reduced to +25pe.

Figure 8.6.a evidences that the hoop compressive membrane strain at the segment centroid, and thus
the total hoop force in the segment, increases with advance. The peak tensile strains developed during
AD1 at the TBM end of the longitudinal primary section are directly related to the magnitude of lining
pressures acting on the segments except for D3; for example, peak strains barely reach +50ue at E3
and exceed +120ue at A3. Except for D3, at the end of AD1 (i.e. first data set of AS1), the hoop
tension reduces to values close to +50ue as the ring carries greater hoop compression; the hoop

gradients become smaller as the lining pressures are applied over a wider segment area.

The MN trajectories described by the CAM3 sequential loading during AD1 reflect the typical load
paths obtained from FE models subjected to axisymmetric compression (see Figure 8.12.a). The
internal force increments at SD~1.2m conform quite well to the range delimited by the numerically
computed PM lines; the latter represents the proportional relationship between internal force
increments for a R1 loaded width of 0.8m, i.e. a total loaded width of 1.6m (see chapter 7). The
agreement with the PM lines suggests that contact imperfections at longitudinal joints prior to AD1 are
moderate at worst. Most deviations from the predicted load paths occur at the beginning of AD1 but

are then partially corrected.
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8.5. Field data interpretation on cycle 1

During AS1, the TBM stops the advance and the total hoop forces sustained by the ring must remain
roughly constant with only minor variations caused by lining movements during the erection of the
following ring. In this way, the changes in VWSG hoop strains at segment centroids are negligible and
fluctuations in BOTDR strain profiles at the ring centreline can be assigned to the BOTDR
repeatability.

Strain gradients are slightly affected by variations in longitudinal ram loads and boundary conditions
during AS1. The BOTDR strain profiles experienced at the ring front show fluctuations wider than the
dispersion observed in the central BOTDR profile, particularly at the segments subjected to higher ram
loads during advance, i.e. KR3, A3 and B3.

The MN trajectories of AS1 in Figure 8.12.b evidence also the low sensitivity of hoop forces to ring
assembly, although, like strain gradients, hoop in-plane moments are more variable. By the end of
AS1, the MN pairs of most segments concur with the region delimited by the PM lines. The greatest
divergences are exhibited by the segments with the narrowest tail clearance and thus with their

rotations potentially restrained by the transverse action of hydraulic jacks , i.e. A3 and KR3.

D3 is the segment with the most uneven distribution of ram loads during AD1 with 25bar/ram for two
ram sets and 150bar/ram for the third set. It is also the segment opposite to A3 with the lowest mean
ram loads and, most likely, with the shortest ram stroke. Consequently, the peak tensile membrane
strain in Figure 8.3.a is delayed to the end of AD1 (i.e. first data set of AS1). Despite the total peak
tensile strain being quite high, about +150ue, the +50ue strain increment and associated increase in
strain gradients experienced during AD1 correlate well with the small magnitude of D3 lining

pressures.

8.5.1.3. Deformed shape, segment curvatures and vertical tilt
a) Ring behaviour during AD1

Figure 8.11.h illustrates the CAM3 deformed shape at the ring rear. The keystone joint O is placed
coincident with that of the undeformed shape and therefore only changes in ring shape are relevant in
this graph. It is shown that, during AD1, the ring experiences small deformations, particularly at the
outer and most longitudinally compressed side, which result in an asymmetric mode of ring distortion.
The vertical diameter converges by about 2mm and the horizontal diameter elongates by about 3mm,

leading to peak distortion ratios of less than 0.05% the ring diameter D.

Figures 8.11.i to 8.11.1 and Figures 8.11.m to 8.11.p present the hoop mean strains and curvature
diagrams respectively at both the centreline and the TBM side of segments. The deformed ring shape
is coupled with the mean strain and hoop curvature diagrams, which agree with the trends in ring
behaviour observed in the 3UKRA FE model (see Figure 7.22).
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8.5. Field data interpretation on cycle 1

In the 3UKRA model, the downward action delivered by the ram pads at the interface with KR3 and
A3 segments determined the deformation mode of the rings within Ly, particularly in the ring in direct
contact with the ram pads. This downward action was mainly applied at the KR3 interface through
high tangential loads that decreased from the ring springline through knee to invert. The effect of the
tangential loads led to hoop tension at the TBM side of KR3 and A3 to a lesser extent together with a
sharp drop in compression to almost null values at the keystone joint of KR3 centreline. The ram loads
exerted radial reactions predominantly at those sections of the fixed perimeter with a greater tendency
to radial displacements, namely outward action at the invert and above the springline. These radial
actions resulted in local positive hoop curvatures. The lateral fixity of the ring while subjected to uplift
pressures forced the asymmetric distortion of the ring and the upward displacement of B3, which in
turn caused the constant hoop tension and negative hoop curvature of the latter. The ring deformations

were the greatest for the R1 loaded width of 0.8m, equivalent to SD=1.1m.

All the above strain and curvature patterns were captured by CAMS3 field data with reasonable
discrepancies in magnitude given by differences in lining pressure distribution, i.e. vertical gradient
and longitudinal profile, and the effectiveness of ram-pad lining restraints. Besides, the BOTDR
profiles, with a spatial resolution of 500mm, were expected to smoothen the sharp changes in strain.

For example, at the TBM side, the field data shows tension increasing from KR3 through A3 to B3
with a uniform peak value of +75ue at B3 and maximum values up to +50pe in the lower half of A3;
in the 3UKRA model, the above values were +50ue and +25ue respectively. At the central profile,
KR3 mean compressive strains vary from -Oue to -75ue and A3 shows a constant compression of
about -100pe by the end of AD1; in the 3UKRA model, maximum B3 mean compressive strains were
-90ue and A3 was compressed at -100ue. The last BOTDR data set of AD1, SD~1.6m, presents hoop
curvatures of about +0.40%. at the TBM side and +0.65%o at the centreline of A3, whilst the last
VWSG curvature at SD=1.2m is 0.40%o; in the 3UKRA model, peak curvatures were +0.30%o and
+0.25%o at side and centreline respectively. B3 experiences peak field curvatures of about -0.50%. for
both side and centreline by the end of AD1; the 3UKRA model yielded -0.25%o peak curvatures.

The vertical tilt changes exhibited from ring erection up to a SD=1.0m are similar to those numerically
obtained for a R1 loaded width shorter than 0.8m (see Figure 8.11.b and 7.22). The restrained KR3
and A3 segments undergo a small vertical tilt of about -0.025° in both cases. The vertical tilt of
segment B3, which is free to rotate, oscillates between +0.060° and +0.080° while the 3UKRA model
predicted a value of +0.110°. The discrepancy between measured and numerical vertical tilt of upper
segments, particularly at the first half of the advance, may be caused by the inclination of hydraulic

jacks (see section 8.2) or their own selfweight under a condition of poor longitudinal compression.
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8.5. Field data interpretation on cycle 1

The longitudinal curvatures are small in all segments (see Figure 8.9.g): A3 displays the highest
absolute curvatures at SD=1.2m, i.e. -0.50%o, whilst the curvatures remain within the £0.25%o interval

in the rest of the segments.

Finally, Figure 8.11.f shows that all segment centroids exhibit compressive longitudinal mean strains,
which suggests that the circumferential joint between CAM3 and the adjacent rings are fully closed
during AD1.

b) Ring behaviour during AS1

During AS1, the TBM releases the hydraulic jacks sequentially, generally four rams per erected
segment, to enable the construction of the new ring. The axial thrust in the active cylinders is evened
during this process and the ram load distribution becomes roughly uniform by the end of AD1. There
is a reduction in longitudinal loads of about 100bar/ram at KR3, A3 and B3 segments and an increase
up to 100bar/ram at D3 and E3, which results in either balanced loads or greater compression at crown

than invert (see Figure 8.11.e).

The redistribution of ram loads and the erection of the new ring change the boundary conditions of
CAM3 at the TBM side, which by the end of AS1 is no longer in direct interaction with the ram pads.
At mid stages of AS1, the ram loads at crown and invert are in the order of 100bar/ram while KR3 and
the upper part of A3 maintain the highest loads of 150bar/ram this time. Consequently, the CAM3
crown and invert tend to converge due to the high vertical gradients of the sealing pressures, like in the
3UEKL FE model (see chapter 7), but with greater squatting on the inner than outer side of the ring
(see Figure 8.11.h). By the end of AS1, the ram loads at the invert and inner side decrease to

75bar/ram and so the ring squats further and again more at the inner side.

Overall, the vertical convergence reaches 5mm and the horizontal elongation at the springline grows
from 3mm to 8mm, i.e. a ring distortion of 0.12%. This ring distortion ratio is already close to the
lower bound recommended by the British Tunnelling Society (BTS) for the design and construction
monitoring of circular flexible tunnels in stiff to hard clays, which may be also relevant to chalk
tunnels (BTS, 2004). The squatted shape of the ring also proves that the effects of the nearly 60kPa/m

vertical pressure gradient prevail over those of the 20kPa/m horizontal gradient.

The first vertical tilt profile of AS1, which corresponds to a ring shape not far from that arisen in AD1,
is similar to the vertical tilt diagram of the 3UKRA model at SD~1.6m. However, the in situ vertical tilt
at crown and invert segments is slightly smaller and greater respectively than the numerical tilt since
the TBM sealing system is roughly centred with the segment width as opposed to the R1 loaded width

in the FE model, which is applied at the ring rear.

The changes in ring shape and segment tilt developed in AS1 have an impact on the hoop curvature

diagrams (see Figures 8.11.m to 8.11.p). Like in the 3UEKL model, the ring squatting contributes to
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the moderate increase in negative bending of KL3 with peak values in the order of -0.25%.. KR3 and
A3 are subjected to the highest lining pressures and ram loads and remain the most restrained
segments as evidenced by the ring deformed shape. As such, the alternate hoop curvatures of invert
segments are kept with moderate increments in A3 VWSG hoop curvatures from +0.40%o0 up to
+0.70%0. However, KR3 experiences a sharp increase in negative curvatures from virtually -0.00%. to

-0.75%o which cannot be explained solely by the general ring distortion.

The tilt sensor at KR3 was situated at an angle with the horizontal, y, of about 3.5° (see Figure 8.13). If
it is assumed that the vertical tilt w during AS1 is caused mainly by the radial rotation of segments,
which can be particularly true near the springline, the radial rotations &, and the subsequent change in
tail clearance AC at the TBM side can be calculated with Eg. 8.1 and Eq. 8.2:

-2 (8.1)
" siny
and
AC = —W sin (L) 8.2)
siny

Accordingly, Figure 8.13.b shows the variations in tail clearance associated with the vertical tilt
measured in cyclel. It is evidenced that during AD1 the radial rotation of KR3 contributes to increase
the tail clearance at the TBM side in a range comprised between 5mm and 11mm. The trend reverses
during AS1 where the gap between lining and shield tail narrows down to 5mm, 16mm from the end
of ADL1. Furthermore, the fluctuations in AC are roughly synchronised with those exhibited by the
centroid curvatures of KR3 in both directions: a reduction in tail gap produces an increase of segment

curvatures.

The last VWSG data set at AS1 captures a decrease in curvatures despite the last tilt measurement
indicating a reduction in tail gap. Such drop in segment curvatures could be caused by the temporary
release of ram loads at KR3 centre, whose effects would not have been captured by the slightly

anticipated tilt measurement.

It can be inferred from the above that the sudden increase in KR3 longitudinal curvatures from less
than -0.25% to about -1.00% must be caused by changes in the interaction between the ring and the

sealing system triggered by the reduction in tail clearance induced by the segment rotation.

The above observations point clearly to the construction scenario (CS3) of rotated segments typical of
outer springline segments in tunnel sections with curved horizontal alignments. Given that both
curvatures at the segment centroid are negative, it can be inferred that the segment bending is caused
by the sealing pressures acting near its centroid; thus, the direct contact between the shield tail and the

segment is excluded.
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The changes in longitudinal curvatures of other CAM3 segments are small during AS1. The

longitudinal mean strains drop during AS1 to null compression by the end of AS1 for most segments.
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8.5.2. CAM4ring
During AD1, CAM4 was subjected to My moments in the order of 15MNm to facilitate the TBM

steering around the horizontal curve and negligible M, (see Figure 8.10). The lining pressures
exhibited vertical gradients smaller than in CAM3, up to 25kPa/m, and virtually null horizontal
gradients. The calibration of the sequential tunnel beam model revealed the need for net horizontal

TBM loads in the ten advances following CAM4 erection.

The peak vertical pressure gradient suggests that CAM4 is also subjected to the construction scenario
typical of a ring eccentric with respect to the tail skin (CS2). The minimum tail clearance must be
situated around the centre of the ring invert this time. The moderate magnitude of peak vertical
gradients, closer to the grout-static value of 12.5kPa/m, also points to a lesser eccentricity between the
ring and the tail skin.

The ram load distribution during AD1 corresponds to the early stages of a period of pronounced TBM
steering around a horizontal curve: on the outer and invert segments, ram loads are about 250bar/ram;
in the remaining segments, loads are in the order of 150bar/ram. The symmetry axis is oriented at 8.2°
below the outer side of the springline near the B4 centroid. The loading profile is kept constant during
AD1 with limited variations of about 50bar/ram (see Figure 8.14.e).

The ring position relative to the tail skin inferred from the field pressure gradients suggests that the
hydraulic jacks with greatest load inclination must be positioned at the invert, at least at the beginning
of the advance. The ram load distribution indicates that, with the progress of AD1, the interface
between the ring and hydraulic jacks may transition towards that typical of horizontal TBM steering
where the horizontal angle between segments and rams should be expected to increase. Consequently,
the in situ ring behaviour of CAM4 may respond to two foreseeable scenarios: one where there is a
change in orientation of tail clearance in the original construction scenario CS2; or a second scenario
where there is a combination of the initial CS2, i.e. ring eccentricity, and the construction scenario

CS3 with the rotated segment situated at the outer side of the springline (see section 8.2).

The initial construction scenario CS2 can be described with the 3UAB FE model bearing in mind that
the magnitude of vertical pressure gradients on the field, 25kPa/m, is much smaller than in the

numerical simulations, ~80kPa/m.

In the following sections, the field data is analysed in detail to confirm the above hypotheses. Figure
8.14 illustrates the complete field data set on ring behaviour for CAM4 during its cyclel. Figure 7.16

is recalled here to facilitate the comparison between numerical results and field observations.

8.5.2.1. Lining pressures
The evolution of CAM4 lining pressures is similar to that of CAM3 with differences given by the

relative position between ring and shield tail.
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The first CAM4 pressure data set takes place at a SD<0.3m (see Figures 8.14.a, 8.14.c and 8.14.d).
The ring has not made contact yet with the sealing system and lining pressures are virtually null.

At SD~0.8m, the first two rows of steel wire brushes are touching the ring with more than half the
compound pressures directly applied onto CAMA4. The lining pressures present a roughly linear
gradient with depth less than 10kPa/m and slightly greater pressures at the outer than inner side of the
ring. Such pressure distribution indicates that the ring may have encountered the steel wire brushes at
a moderate eccentric position: the greatest tail clearance occurs near the crown, where lining pressures

are 40kPa; the narrowest gap, along segment D4, with peak pressures of about 100kPa.

At the field pressure data set with SD~1.4m, the full width of the sealing system acts roughly centred
with W. The vertical pressure gradients increase further up to 25kPa/m at negligible horizontal
gradients; the highest and lowest lining pressures are reached again at segment KR4 and D4
respectively, i.e. 120kPa and 300kPa. The KR4 lining pressure is smaller than the CAM3 pressure at
the narrowest tail clearance, which may indicate that the sealing compound pressure during CAMA4
cyclel remained about 1bar lower than in CAM3 cyclel after the groundwater leakage experienced

through the sealing system right before CAM4 ring erection (see Figure 8.14.d).

During AS1, the lining pressures and vertical pressure gradients have greater fluctuations than in
CAM3 AS1: the dispersion of lining pressures at the crown, invert and the outer springline segment
B3 over this period is around 100kPa.

8.5.2.2. Hoop membrane behaviour
The CAM4 profiles of hoop membrane strains during AD1 are illustrated in Figures 8.14.i to 8.14.l.
The initial hoop mean strains at segment centroids in Figure 8.14.i evidence that there is no net hoop
compression in the ring before it is directly loaded by the sealing pressures. In following profiles, the
total hoop force sustained by the ring increases progressively with lining pressures, and thus the strain

distribution is roughly symmetric about the ring vertical axis.

The BOTDR ring profiles include the lateral deformations caused by the longitudinal compression of
the hydraulic jacks. Consequently, the ring exhibits high hoop tension at the most longitudinally
loaded segments even at central profiles, e.g. C4 experiences tensile strains close to +100ue at the
beginning of AD1. At the ring centreline the hoop tension is uniformly distributed over the length of
all segments, except for B4; at the TBM side the BOTDR captured the sinusoidal-like fluctuations

caused by the ram load spread at invert segments.

Like in CAM3, Figure 8.8.a shows that the peak tensile strain increments developed during AD1 at the
TBM end of the longitudinal primary section are directly related to the magnitude of lining pressures
acting on the segments; for example, peak strains grow by less than +50ue at KR4 and exceed the
+100pe increments at invert segments. Both segments C4 and D4 reach peak tensile strains of about

+75ue during AD1, even though C4 exhibits a marked negative hoop gradient after ring erection. It
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8.5. Field data interpretation on cycle 1

may be inferred that the initial in-plane angularities at longitudinal joints with contact at the front of

segments can be corrected by the sequential loading of the ring near the tail skin.

By the end of AD1 (i.e. first data set of AS1), the hoop gradients become smaller as the lining
pressures are applied over a wider segment area. All longitudinal primary sections are in full
compression except for B4, which displays hoop tension at the TBM side greater than +50ue.

In CAM4 there is a wider scatter in MN trajectories than in CAM3 (see Figure 8.15.a). Most
deviations from predicted trends occur at the beginning of AD1 but are partially corrected by the end
of it. B4 presents the greatest divergence from the PM line region, with too high in-plane moments for
the magnitude of hoop force. Given the proximity of the longitudinal primary section to the
longitudinal crack/s detected by BOTDR strain measurements (see chapter 5), it is reasonable to
deduct that the hoop strains calculated at mid lining depth may be biased by the uneven cross-sectional
strain distribution in the cracked region, leading to longer segment widths with apparently higher
membrane tension. This is also reflected by the hoop mean strain distribution of BOTDR profiles at

B4 with marked tensile peaks at the location of the longitudinal crack/s.

Like in CAM3, the changes in VWSG hoop strains at segment centroids observed during AS1 are
small and the fluctuations in BOTDR strain profiles at the ring centreline can be assigned to the
BOTDR repeatability. Again, strain gradients are slightly affected by variations in longitudinal ram
loads and boundary conditions with the erection of the next ring. The BOTDR strain profiles at the
ring front show also fluctuations wider than at centreline profiles, in this occasion mainly at the upper
segments and with the temporary release of hydraulic jacks.

The MN trajectories during AS1 in Figure 8.15.b display greater oscillations in total hoop forces than
in CAM3 at comparable variations of hoop in-plane moments. By the end of AS1, when the sealing
pressures are roughly centred with W, the MN pairs of all segments but B4 are comprised within the
region delimited by the numerical PM lines. B4 is this time the segment with the greatest disparity by
the end of AS1 due to an excessive in-plane moment. Drawing an analogy with the CAM3 MN pairs,
it could be deducted that B4 is the segment with the narrowest tail clearance and greatest restraints in

segment rotations imposed by the transverse action of hydraulic jacks, at least by the end of ASL.

8.5.2.3. Deformed shape, segment curvatures and vertical tilt
a) Ring behaviour during AD1

Figure 8.14.h illustrates the CAM4 deformed shape at the ring rear. The moderate vertical pressure
gradients of about 25kPa/m exerted by the sealing system during AD1 and the effective ring coupling
ensured by the high loads applied by the hydraulic jacks translate into a very limited ring distortion of
less than 0.03%. Both the squeezed ring shape and the hoop diagrams presented in Figures 8.14.i to
8.14.p agree with the trends in ring behaviour observed in the 3UAB FE model, with in-plane ring
fixity at the invert segments A and B (see Figure 7.16).
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In the 3UAB model, the downward action delivered by the ram pads at the interface with the invert
segments determined the deformation mode of the rings within Ly, particularly in the ring in direct
contact with the ram pads. This downward action was mainly applied at the far ends of both invert
segments, near the ring knees through high tangential loads that decreased towards the invert. The
effect of the tangential loads led to hoop tension at the TBM side of the invert segment together with a
sharp drop in compression to almost null values at the centreline of knee joints. The ram loads exerted
radial reactions predominantly at those sections of the fixed perimeter with a greater tendency to radial
displacements, namely outward action at the knees and inward action at the invert. These radial actions
resulted in predominantly positive hoop curvatures at invert segments with minor negative spikes near
the invert. The vertical elongation of the ring also led to negative hoop curvatures of the bottom
segments adjacent to the invert segments. The ring deformations were the greatest for the R1 loaded

width of 0.8m, equivalent to SD=1.1m.

The above strain and curvature patterns can be generally observed in the CAM4 field data considering
the limitations given by the monitoring technology and the differences between lining pressures and
ram-pad lining restraints in the field and in the numerical simulation. At the last BOTDR and VWSG
data sets, with SD=1.5m, the total width of the sealing pressures is applied on the ring at a roughly
centred position. The numerical simulations terminate with a 0.8m R1 loaded width placed at the ring
rear. Consequently, there must be some additional disparity between numerical and field strain
quantities at this last data set.

The BOTDR hoop mean strain profile at the TBM side evidences fluctuations in tensile strains very
similar to those in the 3UAB model if the influence of B4 longitudinal cracks is ignored. At the
centreline, the reduction in hoop compression at the knees is clearly captured at the inner side of the
ring, i.e. segments D4 and E4, but it appears to be masked at the outer side. As discussed, the BOTDR
strains comprise lateral hoop deformations caused by the Poisson effect and therefore reach tensile
values greater than those numerically predicted in both ring profiles, particularly at the most

longitudinally loaded segments.

The VWSG hoop curvatures, excluding the last data set, are in good agreement with the 3UAB model:
the second ring diagram at SD~0.8m shows positive hoop curvatures of about 0.25%o. at the centroid of
invert segments as in the 3UAB model. At the lower sides, the hoop curvatures grow in B4 from
-0.07%o to -0.55%0 and are kept close to zero in E4; in the 3UAB model both segments experience
similar negative hoop curvatures around -0.40%o. In the upper segments, the hoop curvatures are small
in both cases. The BOTDR strain profiles, excluding the last one, display a similar resemblance with

the numerical diagrams of hoop curvatures.

In the last data set of field curvatures, the positive hoop curvatures at invert segments either become

almost null keeping the vertical symmetry, like in the VWSG ring profile, or change to a distribution
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8.5. Field data interpretation on cycle 1

with alternate curvatures, which were typical of the numerical models with lateral fixity such as the
3KRA model recalled in 8.5.1 or the 3UKR model with ram pad restraints only at the springline
segment KR (see chapter 7). From SD~0.8m onwards, there is a pronounced negative curvature at the
TBM side of the springline segment, B4, and the hoop tension increases evenly along the length of the
invert segments at the TBM side; both patterns can be observed in the 3UKR model.

The coexistence of the above trends in hoop deformations with significant vertical pressure gradients
suggests that there is indeed a shift in the position of constrained segments towards the outer
springline segment B4 without a substantial change in the overall ring eccentricity; that is, the initial
CS2 scenario is later combined with the CS3 scenario of a rotated segment situated at the outer

springline of a horizontal curve (see section 8.2).

The evolution in tail clearance during AD1 contributes to the validation of the above hypothesis (see
Figure 8.16.b). At SD~0.5m, the tail clearance at the front of B4 is already reduced by 5.5mm due to
the radial rotation of the segment. At SD=1.1m, the tail clearance is decreased by 8.8mm. By the end
of ADL, i.e. at the first data set of AS1, the tail gap reduction reaches a peak of 11.2mm. Conversely,
the radial rotation of the other segments does not influence their tail clearance significantly.

The history of B4 curvatures during AD1 is synchronised with the changes in tail clearance. There is a
progressive increase in VWSG negative curvatures with advance, e.g. from null values to about
-0.76%o and -1.10%o0 in hoop and longitudinal directions respectively (see Figure 8.14.g). Given the
nature of the biaxial bending with negative curvatures in both directions, it can be ascertained that
there is local concentration of sealing pressures around the segment centroid but no contact with the
shield tail.

These local loads of the sealing system on B4 have also an influence on the response of the adjacent
segments. The inward radial action squeezes mildly the outer side of the ring (see Figure 8.9.h),
particularly at the upper part given that the invert must be partially restrained by the ring eccentricity.
In this line, segment A4 experiences an increase in positive hoop curvatures up to +0.30%o that is

simultaneous with that of B4 curvatures.

It was discussed in chapter 5 that the DFOS mapping of hoop strains enabled the detection of
temporary longitudinal cracking at the intrados of segment B4 near its midlength. The tensile strain at
imminent cracking was first exceeded at the second BOTDR measurement, at SD~0.8m, where the
peak intrados raw strain at the TBM side approached +150pue. In the following data set, the crack/s
propagated towards the segment centroid without reaching the strain gauge position and the peak
tensile strains were kept around +300pne and +250pu¢ at the TBM side and centreline respectively for
the rest of the advance (see Figure 5.33.a, p.134). This longitudinal flexural cracking affected the
BOTDR profiles of segment B4, which are characterised by a computed loss of hoop compression and

marked negative curvatures at the segment midlength.
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The vertical tilt of segments C4 and D4 follows a trend similar to that of the invert segments in the
3UAB model. Their negative tilt peaks only to about -0.050° given the smaller magnitude of field
vertical pressure gradients. However, the evolution of vertical tilt in the remaining segments diverges

from the numerical diagram, particularly at the crown and outer side segments.

Figure 8.16.a shows the radial rotations inferred from the vertical tilt measurements during cyclel.
The A4 and B4 segments at the outer side rotate outwards during AD1, particularly B4 with peak
rotations of 0.31°. The outward rotations of the outer side segments with highest values at the
springline agree with the hypothesis built for the construction scenario CS3: with pronounced TBM
steering around a horizontal curve, the oblique inclination of the hydraulic jacks against the ring drives
the outer side segments towards the shield tail, especially near the springline (see section 8.2). The
vertical and radial rotations of crown and invert segments are hardly affected by the transverse action

of the ram pads. The crown segment, however, rotates inwards up to about -0.050° by the end of AD1.

The changes in longitudinal curvatures along the ring circumference during AD1, besides the case of
B4, could be caused by an increase in the angle between hydraulic jacks and lining due to the TBM
steering around the horizontal curve and the longitudinal deflection of the lining (see section 8.2). The
transverse action of the ram pads is proportional to the ram loads and is directed towards the outer side
of the curve. Consequently, the outer side should experience negative increments in longitudinal
curvature of greater magnitude than the positive increments undergone by the inner side (see Figure
8.14.9).

b) Ring behaviour during AS1

In CAM4, the sequential erection of the next ring was roughly coordinated with the VWSG data
collection. The fluctuations in segment curvatures, vertical tilt and radial rotation plus the minor

changes in ring distortion are directly related to the sequence of ram load changes.

For example, in the first VWSG data set, four hydraulic jacks are released between KR4 and A4. The
two segments rotate slightly inwards due to selfweight, and the absence of transverse loads in the case
of A4, while the negative longitudinal curvatures drop proportionately by 0.25%. and 0.40%o
respectively. In the second data set, the next ram set is released from A4 and B4 segments and the
previous loads restored to 100bar/ram. The radial rotation decreases at B4 and both A4 and B4
segments experience a reduction in hoop and longitudinal curvatures. Then, the ram set between B4
and C4 is released and the preceding set reloaded. The radial rotation in B4 becomes almost null,
which reinstates the tail clearance close to initial values. The B4 curvatures are thus further decreased
to -0.55%0 and -0.25%o in longitudinal and hoop directions and the squeezed ring distortion is partially
corrected at the outer side. In the following stages, the invert segments reach roughly null vertical tilt

while the longitudinal curvatures become smaller.
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8.5. Field data interpretation on cycle 1

By the end of AS1, the ram loads are evenly distributed at 100bar/ram. The longitudinal curvatures are
generally smaller. The reduction in hoop curvatures at segment B4 is coupled with a decrease in hoop
tension, which indicates that the longitudinal crack partially closed during AS1.
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8.6. Field data interpretation on cycle 2

8.6.1. CAM3ring

8.6.1.1. Lining pressures
At the first pressure data set in AD2, with SD=2.0m, a 0.775m ring width is still directly loaded by the
sealing system, the first row of steel wire brushes has shifted to the following ring, but is very near the
CAM3 ring, and more than half of the ring is subjected to tail void pressures at its rear (see Figures
8.17.a, 8.17.c and 8.17.d). Consequently, the computed lining pressures continue to grow with
constant vertical gradients by about 50kPa. The calculated lining pressures at KR3 increase by 120kPa

from the last data set in AS1 with the reinstatement of the outward radial rotations (see Figure 8.13).

At the next data set, with SD~2.9m, the ring has fully emerged from the tail skin. Without the direct
action of the steel wire brushes, the vertical and horizontal pressure gradients drop dramatically. There
is no significant change in E3 pressures at the crown, which is consistent with the assumption that
crown segments were erected with the widest tail clearance. The residual values of vertical and
horizontal gradients, 10kPa/m and 7kPa/m respectively, are caused by the proximity of the sealing
pressures acting on the following ring.

At the first AS2 data set, captured at SD~3.3m, the back of the sealing system is about 0.325m away
from the ring. There is a roughly uniform decrease of lining pressures, with crown pressures reducing
from 280kPa to 230kPa. The pressure gradients become null, evidencing that there is already ring

equilibrium against uplift forces.

By the end of AS2, the lining pressures are slightly reduced in a uniform manner so that the crown
pressures reach values close to hydrostatic, i.e. 190kPa. The 100kPa decay in lining pressures up to
hydrostatic values since AD2 and over the 1.25h duration of AS2 suggests that BGs in the tail void of
tunnels excavated in stiff and permeable grounds can be subjected to a relatively quick grout

consolidation.

8.6.1.2. Hoop membrane behaviour

The evolution of hoop membrane strains at the mid length of CAM3 segments is consistent with the

assumed displacement of sealing pressures with the TBM advance.

At SD~2.0m, with the front half of the ring loaded by sealing pressures and the rear half by grout
pressures, there is a general increase in centroid compressive strains with the rise of mean lining
pressures (see Figure 8.6.b). The positive hoop strain gradient becomes slightly smaller in KR3 and
A3 as the sealing system shifts towards the next ring. However, as discussed in section 8.5.1.2, the
shortest stroke at the inner side of the curve delays the advance of the sealing pressures, and therefore

the segments in this region still experience a slight increase in positive hoop gradients.
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At the next data set, the sealing pressures are fully acting on the following ring. The hoop strains at the
segment centroid denote a reduction in total hoop compression in consonance with the release of mean
lining pressures. The hoop strain gradients are clearly reversed at segments KR3 and A3, which
exhibit compressive strains in the order of -200pu¢ at the rear extreme fibre. The peak tensile strains,
this time at the ring rear are very small. Conversely, the changes in hoop gradients of upper segments
are negligible and therefore peak tensile strains are still in the order of +150ue in the cracked D3 and
around +50pe in the other segments. The above changes suggest that the next ring is subjected to a
lining pressure distribution similar to that of CAM3 in cyclel and thus it must present a similar ring

eccentricity.

Figures 8.17.i to 8.17.1 also confirm that at the ring outer side there is first a progressive shift of hoop
compression from the ring front to the ring rear followed by a trend towards uniform hoop
compression along the ring width. The ring diagrams also show that there is a good correlation of

VWSG and BOTDR hoop mean strains near the ring centreline.

At the first data set of AS2, with a greater distance of the sealing system, the total hoop force in the
segments is further decreased (see Figure 8.6.b). The negative gradient of hoop strains is also
attenuated in all segments, particularly at KR3 and also A3 with a certain delay.

During AS2, the fluctuations in both total hoop force and hoop gradients are small for all the
segments. The numerous BOTDR profiles captured during AS2 show the progressive reduction in
mean hoop strains at the TBM side of KR3 and A3. By the end of AS2, the lower segments present a
fairly uniform distribution of hoop strains at mid length; the upper segments display substantial

positive gradients as the tensile strains reached by the end of AD2 were hardly corrected.

8.6.1.3. Deformed shape, segment curvatures and vertical tilt
a) Ring behaviour during AD2

During AD2, the ram load distribution is fairly uniform in the order of 150bar/ram with slightly
greater compression at the outer side than the inner side of the ring, 170bar/ram against 100bar/ram

respectively (see Figure 8.17.e).

Despite the vertical and horizontal pressure gradients decreasing from about 55kPa/m and 20kPa/m to
10kPa/m and 7kPa/m respectively within the advance, the deformed shape remains unchanged (see
Figure 8.17.h). This insensitivity of the ring to drastic changes in lining pressures indicate that the
joint rotations developed in cyclel are hardly recoverable and will tend to become permanent features

of the constructed tunnel.

The vertical tilt diagram resembles quite well the numerical results of R2 in the 3UKRA model, where
the crown and invert segments of R2 tilt positively with the sequential loading of R1 (see Figure

5.17.b). The position of A3 and B3 tilt sensors at the knee and invert respectively can explain partially
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the difference in vertical tilt between the two. However, given that the radial rotations are greater at

B3, the tilt measurements may indicate that there is also fixity in the next ring at the bottom outer side.

The VWSG hoop curvature diagram at SD~2.0m is almost identical to that displayed at the first data
set of AS1, particularly at the outer side of the ring, and therefore exhibits curvatures at KR3, A3 and
KL3 greater than those by the end of AS1 (see Figure 8.17.n). When the ring is finally outside the tail
skin, at SD~2.9m, the hoop curvatures at the outer side return to values either equal to those reached
by the end of AS1, e.g. +0.5%0 at A3 centroid, or smaller, -0.25%. for both KR3 and KL3 segments
(see Figures 8.17.nto 8.17.p).

The evolution of hoop curvature diagrams supports the shift of the uneven sealing pressures with
swept distance. In the first half of AD2, the hoop curvatures at the outer side segments are distributed
quite uniformly along the ring width, particularly at A3. However, in the second half of AD2, the A3
peak curvatures are greater at the ring front by about +0.25%o than at the centreline. Likewise, in KR3,
peak curvatures of -0.75%. are now reached at the TBM side while dropping to -0.25%. at the

centreline.

The radial rotation of the KR3 segment narrows slightly the tail gap at the very beginning of AD2
leading to a total reduction of 6.3mm (see Figures 8.13.c and 8.13.d). In this way, the reinstatement of
the concentrated sealing pressures at KR3 can explain the increase in the hoop curvatures of the first
data set during AD2. At SD~2.7m, only the last row of steel wire brushes is still in contact with the
ring front and the tail clearance widens back to initial values. Consequently, the hoop curvatures at the

outer side become smaller.

The longitudinal curvatures at the beginning of AD2 are very similar to those experienced by the end
of AS2 (see Figure 8.17.g). There is only a minor increment in the negative curvature of the KR3
segment that brings it back to the value reached at the beginning of ASL. It is again caused by the
bidirectional flexure of the segment under the higher local sealing pressures. At SD=2.9m, there is a
sudden change in the longitudinal curvatures of KR3 and A3 towards +0.25%. and 0.00%o. as a result

of the total release of the sealing pressures directly acting on the ring.
b) Ring behaviour during AS2

In the second ram load data set, the longitudinal loads are generally 50bar/ram smaller than during
AD2, which brings the ram loads at segments C3, D3 and E3 to values close to 50bar/ram. With such
distribution, it can be inferred that most of the action of the hydraulic jacks is still delivered at the
outer side of the ring at this stage. The next ring may tend to squat under the uplift action of sealing
pressures in a way similar to CAM3 during AS1, dragging CAM3 into further ring distortion. In this
line, the CAM3 deformed shape at the second tilt measurement within AS2 shows that the inner side

of the ring moves upwards, particularly at the knee joint, without any significant changes in deformed
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8.6. Field data interpretation on cycle 2

shape at the outer side. The vertical convergence increases to about 5mm and the horizontal

convergence is kept constant.

By the end of AS2, the ram loads become roughly axisymmetric with values close to 100bar/ram in all
segments. The reduction of hoop curvatures in 0.25%o at the ring front of A3 by the end of AS2 may
be caused by the decrease in the radial forces applied by the oblique hydraulic jacks onto the restrained
segments. In the same way, the weaker ring interaction reduces the magnitude of vertical tilt in all

segments and of the positive longitudinal curvatures except at the invert.

261



8.6. Field data interpretation on cycle 2

a.1) CAM3 Distance Map

Cycles
BOTDR datay
VWSG data |
TILT data

Cycles
BOTDR data
VWSG data
TILT data

115 120 125 130
Time [h]

100 105 1.0

e) CAM3 Ram loads [bar] - Cycle 2

Inner side
horizontal curve

by CAM3 Vertical Tilt [*] - Cycle 2 c) CAM3 Lining Pressures [kPa] - Cycle 2
ZEROED ZERCED

High ring\\
eccentricity \,

Positive tilt at crown and
- invert =3UKRA model (R2)

) CAM3 Longitudinal Mean Strains VWSG [ps] - Cycle 2
ZERCED
E

Y [m]or AN [cm]

Drop in KR3 curvature
when ring exits tail skin

Ring joints closed - L
KR3 = Outer springline segment

Figure 8.17: CTT field data: CAM3 Cycle2

iy CAM3 Lining Pressures - Cycle 2

Pressure [kPa)]

o 100 200 300 400 500 GO0
R : : R E
r High compound

..... ressure..

: Dropin pressure
: ‘when CAM3
e tail skin

R

Rapid grout
consolidation :

High pressure gradients
due to steel wire brush
deformation

h) CAM3 Deformed Shape - Cycle 2

UHDEFORMED
PREVIOUS..
ADVANCE

ASSEMBLY

H[m] or A [cm]

Asymmetric ring distortion:
Greater deformations at inner
than outer side

Deformed shape unchanged
Irrecoverable joint rotations

= 3UEKL model

262



8.6. Field data interpretation on cycle 2

iy CAM3 Hoop Mean Strains VWSG [ps] - Cycle 2 i’ CAM3 Hoop Mean Strains VWSG [ps] - Cycle 2 k) CAM3 Hoop Mean Strains BOTDR CENTRE [ps=] - Cycle 2 Iy CAM3 Hoop Mean Strains BOTDR SIDE [ps] - Cycle 2
IMITIAL ZEROED ZERDED . ZERDED
&
e"c’\) E
¢
‘\(;
Ny

Shift in hoop compression

due to sequential loading i g,
%, i 2,
.0(; R B d 'é, N '0‘)«
& UNT
N \94;. & S\, &
= 3UKRA model % & = 3UKRA model KNG
<% & <« %Q‘
\\“\(\ \\“\(\
N &8
0) CAM3 Hoop Curvatures BOTDR CENTRE [“/a0] - Cycle 2 p) CAM3 Hoop Curvatures BOTDR Side [*/oc] - Cycle 2
ZEROED ZEROED

Drop in KR3 curvature

when ring exits tail skin Delayed curvatures due

KR3 = Outer springline segment to sequential loading

Alternate curvatures B Alternate curvatures
typical of 3UKRA model typical of 3UKRA model
A3 position next A3 position next
ring constrained ring constrained

Figure 8.17 (continued)
263



8.6. Field data interpretation on cycle 2

8.6.2. CAM4ring

8.6.2.1. Lining pressures
The comparison of CAM4 time and distance maps in Figure 8.18.a evidences that the TBM
interrupted the AD2 for nearly an hour when the ring was about to complete its exit from the tail skin,
i.e. at SD~2.7m. The grout injection pressures recorded by the TBM sensors show that, before the
pause, the injection pressures reached peaks of 6.5bar and 6.0bar at the two injection lines, which
exceeded the general limit value of 5bar delivered in most TBM advances (see Figure 8.19). The
injection pressure stopped during the standstill period to be later recovered to erratic values comprised
between 1bar and 6bar until the end of AD2. The total duration of effective grout injection almost
doubled the 1h typical of common TBM advances. It becomes apparent that the AD2 was conducted
with certain technical difficulties, which could have compromised the quality of the backfilled grout in

terms of its completeness and homogeneity.

Figures 8.18.c and 8.18.d show the lining pressures in cycle2. At the first pressure data set in AD2,
with SD=1.9m, the full width of sealing pressures is loading the ring with the first row of steel wire
brushes at the front edge of the ring. The lining pressure distribution is similar to that exhibited by the
end of AS2 with the greatest difference being the increment in crown pressures from about 80kPa to
100kPa. The vertical gradient reduces from 25kPa/m to 20kPa/m.

At the next field data set, with SD~2.4m, the ring front is directly loaded by the sealing pressures over
a 0.4m width while the rest of the ring is subjected to the grout pressures at the tail void. The lining
pressures undergo a roughly uniform increase of about 50kPa at constant vertical gradient as in the
first half of CAM3 AD2.

At SD=2.65m and time equal to 11.07h, the ring is almost fully surrounded by the annular grout with
only a 0.1m width at the ring front is in contact with the back of the sealing system. The lining
pressures remain constant at the bottom segments (B4, C4 and D4) and increase up to 40kPa at the rest
of the segments. The vertical profile of lining pressures in Figure 8.18.d shows modest peaks at the
segments closest to the two injection ports, i.e. KL4 and A4. According to the TBM records, the peak
injection pressures occurred a few minutes before the field measurement. If it is accepted that there
could be a short lag between the TBM and field data, the peaks at the ring shoulders could be

correlated to the high injection pressures delivered by the grout ports.

The next four data sets take place during the TBM standstill at SD~2.7m. The drop in lining pressures
of about 100kPa at roughly constant vertical gradients could be caused by a uniform grout
consolidation in the tail void during the 1h period where the TBM advance was stopped and the grout
injection interrupted. The magnitude of pressure decay and the duration of consolidation correlate well
with those observed in CAM3 during its AS2.
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8.6. Field data interpretation on cycle 2

Once the AD2 is resumed, the lining pressures increase progressively at the upper segments with
pressure increments at the crown of about 100kPa. At the lower segments, the lining pressures are less
sensitive to grout injection and grow only up to 20kPa. The vertical gradients decrease to about
7kPa/m and the computed crown pressures of 160kPa are near hydrostatic values.

During AS2, the lining pressures remain generally the same with a further reduction in vertical
gradients to almost zero, which suggests that also CAM4 is in ring equilibrium against uplift forces

and there is no longer grout consolidation.

8.6.2.2. Hoop membrane behaviour
The progressive change in hoop strain gradients caused by the displacement of sealing pressures is
clear at CAM4 segments, which exhibit negative gradients by the end of AD2 (see Figure 8.8.b). The
magnitude of change is directly related to the lining pressures. The peak tensile strains arising now at
the ring rear are greater than in CAM3 given the generally lower total hoop force acting on the
segments, above +50ug up to +75ue.

During AS2, the fluctuations in total hoop force and strain gradients are minor and the latter tend to be
attenuated. The greatest variations occur at B4, C4 and D4, the last two segments reaching uniform
hoop compression by the end of AS2.

8.6.2.3. Deformed shape, segment curvatures and vertical tilt
The general trends of CAM4 ring within cycle2 resemble those encountered in CAM3 despite their
disparate ram load distribution and ring eccentricity.

The pronounced TBM steering around the horizontal curve that initiates after CAM4 erection results
in very high ram loads at the crown, invert and outer side of the ring during AD2, comprised between
200bar/ram to 300bar/ram, whilst E4 and KL4 support smaller ram loads between 100bar/ram to
200bar/ram. During AS2, the longitudinal action of the ram pads tends to be uniformly distributed (see
Figure 8.18.e).

The deformed shape barely changes within cycle2 and the ring convergence at vertical and horizontal
diameters is kept constant. Given the lower gradients of lining pressures, it is natural that the ring

shape is less sensitive to changes in boundary conditions than CAM3.

The vertical tilt diagram at the beginning of AD2 is the same exhibited at the end of AS1 (see Figure
8.18.b). During the advance, the vertical tilt at the outer segments increases further due to the outward
rotations induced by the transverse action of the inclined hydraulic jacks (see Figure 8.16, section 8.2
and chapter 6); the opposite behaviour takes place at the inner segments; and the vertical tilt of the
restrained segments at the invert is very small. The changes in longitudinal compression in AS2

increase vertical tilt at KR3 and A3; their total increment is of 0.050° and 0.030° respectively.
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8.6. Field data interpretation on cycle 2

The VWSG hoop curvature diagram at SD~1.9m is again very similar to that displayed by the end of
AS1 (see Figure 8.18.n). The tail clearance at B4 until the exit of the ring from the tail skin decreases
with advance (see Figure 8.16.d). However, the progressive reduction in the width of sealing pressures
directly applied to the ring front causes the decrease of B4 hoop curvatures from -0.65%o to -0.35%o.
Once the ring is surrounded by the annular grout, the curvatures decrease further to about ~ -0.25%o.
The curvatures at the ring front decrease with the displacement of the sealing system. By the end of

AD2, the longitudinal crack appears to have closed.

The longitudinal curvatures at SD=1.9m are identical to those developed by the end of cyclel (see
Figure 8.18.9). The diagram of centroid curvatures undergoes a drastic change at the next field data set
when the ring centreline is no longer in contact with the sealing system.With the displacement of the
sealing system towards the ring front, the segments tend to bend gradually with opposite curvature.
The analogy of a continuous beam subjected to a moving load clarifies the above trend (see Figure
8.18.g). The magnitude of positive curvature increments is directly related with the lining pressures,
i.e. greater at invert than crown. Being B4 the segment subjected to highly concentrated sealing

pressures, it undergoes the greatest change in longitudinal curvature.

The mean longitudinal strains during AS2 evidence again that the CAM4 circumferential joints are
susceptible to partial opening in the assembly stages (see chapter 6).
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8.7. Field data interpretation on following cycles

In accordance with the evolution of field pressure gradients (see chapter 6), it was generally assumed
that the instrumented rings were founded on the ground from cycle3 onwards. Thus, the lining
pressures acting on the rings are conditioned by the ground support (see chapter 6) and the influence

of the TBM-lining transverse interaction on the ring behaviour is minor (see chapter 7).

8.7.1. Lining pressures
Figure 8.20 presents the history of the CTT lining pressures. In AD3 there is a uniform rise in lining
pressures of about 30kPa in both rings, only in the first half of the advance for CAM3. Such uniform
pressure increments may indicate that the grout pressures are still affected by the injection of the fresh

grout at this stage.

In CAM4, the lining pressure at A4 exhibits a greater increase of 110kPa, from 160kPa to 270kPa,
which results in a peak at the outer shoulder that is later dissipated during AS3. Such localised and
temporary increase in lining pressures situated in front of a grout port and which decays after the end
of grout injection may suggest that it is caused by the partial refill of the annulus surrounding the ring
at this area. Given the interruption in grout injection experienced in AD2, the quality of the grout layer
may have been jeopardised by either an incomplete backfill or a degraded bond at the interfaces of the
hardened grout. Thus, the fresh grout in AD3 may have been able to penetrate the annular grout

through the most accessible paths.

The evolution of lining pressure gradients after cycle2 is influenced by the sequence of longitudinal
deflections in the tunnel beam (see chapter 6). The displacement of a ring fully founded in elastic
ground activates a total ground reaction F that opposes the lining movement and is proportional to the
pressure gradient g:

F = _KtOtA5 = gﬂRg
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8.7. Field data interpretation on following cycles

where 46 is the ring displacement after being fully founded on the ground and R. the external radius of

the tunnel.

In CAMBS, the vertical gradient evolves from near 8kPa/m in AD3 to 12kPa/m by the end of AS4, i.e.
during the CAMA4 ring erection, and returns to negative gradients close to zero in cycle8 (see Figure
8.20.a). The reduction in vertical gradient from cycle4 to cycle8 yields a downward ring displacement
of about -0.3mm for a fully bonded tunnel (see chapter 6). The history of vertical displacements
estimated with the tunnel beam model (see Figure 8.20.i) shows that there is a tendency of rings near

CAM3 to move downwards from stage 5 (CAMA4 ring erection) to stage 61 (long term).

The CAMS horizontal gradients increase from OkPa/m to 12kPa/m in AD3, then reduce to 5kPa/m in
AD4 to return to 10kPa/m in cycle8. The increase in vertical gradient from AD2 to ADS3 results in an
horizontal displacement towards the inner side of the curve around -0.4mm; the beam model predicts

increments in inner movements of less than -1mm.

In CAMA4, the skewed distribution of lining pressures is the result of the abnormal grout injection and
the biaxial longitudinal deflection of a tunnel tube subjected to a pronounced TBM steering around a
horizontal curve. The TBM steering forces increase the horizontal pressure gradients from OkPa/m to -
12kPa/m from AD3 to cycle8. The associated horizontal displacements near +0.8mm agree well with
those estimated by the beam model between stage 7 (CAM4 AD3) and stage 61 (long term), which are

less than +1mm.

In the vertical direction, the skewed shape of the lining pressure distribution hampers the identification
of pressure gradients. Taking D4 as the segment representative of invert pressures, the gradients grow
from OkPa/m to -7.4kPa/m between AD3 and cycle8. The +0.5mm displacement obtained from the

increase in pressure gradients are again similar to the +1mm increment in longitudinal deflection.

In cycle8, the lining pressures do not undergo significant fluctuations. The residual non-zero gradients,
fundamentally in the horizontal direction, are mainly caused by the longitudinal deflections locked in

the tunnel tube.

The link between tunnel deflections and pressure gradients in the tail void is also evidenced by the
dissipation of horizontal gradients with the reduction of My during assembly periods while the tunnel

still experiences changes in tunnel deflection, i.e. in AS3 and AS4.

Besides, the figures show that the computed lining pressures grow uniformly and gradually with time.
However, such increase may reflect the influence of concrete creep on the measured CSL strains rather
than the long term pressures acting on the lining (see Figure 8.21). The trace of the tidal fluctuations
on the measured strains indicates that the chalk surrounding the CTT is very permeable and the grout
consolidation against changes in field stresses is almost instantaneous. If the effect of tidal fluctuations

is ignored, the increasing monotone strain curves can be approximated with the strain curves derived
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from the CTT concrete creep tests. The creep strains inferred from the EC2 creep factor overestimate

the long term hoop strains.
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8.7.2. Hoop membrane behaviour
Hoop membrane strains at segment centroids rise notably from AD3 onwards in accordance with
lining pressures. As discussed previously, the deferred increase in hoop membrane strains is
influenced by concrete creep under sustained radial compression (see Figures 8.6.c and 8.8.¢).

Strain gradients are gradually flattened with SD in all segments, although negative gradients still
persist by the end of cycle3 in most segments, given the proximity of the sealing pressures to the

instrumented rings.

At cycle8, all segments exhibit a relatively uniform hoop strain distribution, except for C3, D3 and E3,
which are the segments under the lowest longitudinal compression during cyclel. In these segments,
the positive strain gradients developed in AS1 remain roughly invariable through the following
sequence of loads. Subsequent increments in lining pressures are insufficient to close the in-plane
angularity developed at their longitudinal joints in cyclel and compensate the concentration of ring
compression at their rear. Thus, an initial in-plane angularity with contact at the ring rear may be
perpetuated or accentuated in time by sequential loading. The least longitudinally compressed

segments may be the most prone to the in-plane angularities arising during sequential loading.

Conversely, the evolution of C4 membrane strains reveals that the initial in-plane angularities of

opposite sign may be corrected with the sequential compression of the ring rear in AD1.

8.7.3. Deformed shape, segment curvatures and vertical tilt
The CAMS3 ring distortion grows until cycle3 with the same pattern exhibited in cycle2 but with
attenuated amplitudes: the increment in joint rotation at the inner knee in AS3 is Imm as opposed to
the 3mm detected in AS2 (see Figures 8.22.h and 8.23.h). In CAM4, the ring deformations were
already constant during cycle2 (see Figures 8.24.h and 8.25.h).

After cycle2, there is a period of alternate increase and decrease in the hoop curvatures of lower
segments for both rings without significant variations in hoop curvatures at upper segments. In

general, the curvatures rise at the beginning of the advances and fall progressively with SD from about
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0.25%o0 to negligible values. During standstill, the curvatures remain constant, suggesting that the
changes are induced by the variable TBM loads applied during advance, including the passage of the
TBM backup trail. The residual curvatures by the end of cycle8 are similar to those developed by the
end of AS2, e.g. 0.5%0 at A3, 0.25%0 at C3 (see Figures 8.22.n and 8.23.n) and -0.25%. at B3; and
0.25%o or less in CAM4 lower segments (see Figures 8.24.n and 8.25.n).

In cycle8, there is no change in hoop curvatures at CAM4, while variations are still detected by
BOTDR and strain gauge sensors in CAM3. Given that CAM4 was assembled four rings after CAM3
and that the monitoring works delayed tunnelling by about 8h, the grout annulus behind CAM4 is
around 8h older than behind CAM3, if the middle four rings are excluded. It may be inferred that the
tunnel tube at CAM4 cycle8 is more firmly founded on the chalk than at CAM3 cycle8 and, thus, less

sensitive to beam behaviour and subsequent loading.

Likewise, vertical tilt increments experienced by both rings from cycle3 onwards dissipate with SD
from 0.25° in cycle3 to negligible values in cycle8 (see Figures 8.22.b to 8.25.b). Overall, the
individual rotations of segments dominate vertical tilt in the first two cycles, where TBM-lining
transverse interaction is key. Tunnel beam behaviour governs the evolution of vertical tilt in the
following cycles, with residual values being the summation of the vertical increments developed in

each cycle.

The longitudinal curvature diagram does not significantly change from cycle3 onwards (see Figures
8.22.g to 8.25.g). By the end of cycle8, the diagram of longitudinal mean strains evidences that the
circumferential joints adjacent to CAM3 are closed; the imminent ring joint opening around the
CAM4 inner knee is not corrected with SD (see Figures 8.22.f to 8.25.1).
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Figure 8.23: CTT field data: CAM3 Cycle8
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8.7. Field data interpretation on following cycles
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Figure 8.25: CTT field data: CAM4 Cycle8
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8.8. Conclusions

The CTT field data interpretation proved that the TBM-lining transverse interaction near the tail skin
determines CSL ring behaviour at the early stages of tunnelling, e.g. the first three and two TBM
cycles in CAM3 and CAM4 respectively. The ring response resultant from this interaction is
irrecoverable and contributes to the total deformations and internal forces developed in the long term;
in tunnels excavated in grounds with K~1, they become the main source of ring distortion. The grout
pressures within L, of CSLs simultaneously backfilled with BGs play only a secondary role in ring
response. The longitudinal beam response to construction loads in CSLs where deflections are

constrained by the TBM hardly affects ring distortion.

The above conclusion can become a turning point in the design approach to CSLs (and TBMs) and in
future research tackling lining behaviour during mechanised shield tunnelling, which to date has been
mainly focused on the influence of grout pressures on the longitudinal and transverse response of
CSLs.

The TBM transverse action onto the lining can be delivered through the sealing system, the hydraulic
jacks and in extreme cases the contact with the shield tail. The sealing pressures are the sum of sealing
compound pressures and the pressures of the steel stiffeners, which are inversely related to the tail
clearance. The transverse load of oblique hydraulic jacks is proportional to the magnitude of their

thrust and the relative inclination of the rams.

Based on the CTT field data interpretation and with the aid of the numerical study conducted in
chapter 7, a theoretical framework for the development of limit state design methods that captures the
effects of the TBM-lining transverse interaction has been proposed: the construction loading scenarios
representative of field conditions, together with their associated CSL structural response and damage

mechanisms, were identified and described:

a) CS1: Concentric ring
The sealing pressures acting on the lining are uniform and the downward action of the
hydraulic jacks against uplift forces is small, at least in CSLs backfilled with BGs. This CS is
equivalent to the case of sequential loading under axisymmetric conditions studied in chapter
1.

b) CS2: Eccentric ring
This case may be representative of a tunnelling scenario with TBM steering, for example
around a curve. The lining is eccentric relative to the tail skin. The sealing pressures are
smoothly distributed with pressure gradients proportional to the ring eccentricity. The
transverse action of the oblique hydraulic jacks locks the relative position of the ring. The

radial rotation of the segments with the lowest tail clearance is constrained.
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This case is equivalent to that of the sequential radial loading with pressure gradients and an
uneven ram pad-lining interface (see chapter 7), where the ring deforms under the action of
the pressure gradients combined with uneven constraints. The numerical results in chapter 7
confirmed that the magnitude of the ring distortion was directly related to the pressure
gradients and that the deformation mode depended on the relative orientation of pressure
gradients and constraints. The numerical models were able to replicate the in situ ring
behaviour during AD1 and were deployed as an effective tool to describe the underlying
mechanics.

The tensile concrete cracking at the ring front was observed in segments A3, D3 and B4,
which, when combined with the spalling strains between ram pads, could increase the risk of
spalling cracks, as explained in chapter 7. Permanent in-plane angularities were also detected
in the least longitudinally compressed segments of CAM3, indicating that these segments may
be more prone to splitting failure at longitudinal joints or corner chipping at the ring rear,
particularly near the keystone. The concrete damage types associated with this CS, i.e. hoop
cracking near rear joints and spalling between ram pads, could not be detected with the
designed ring instrumentation.

c) CS3: Rotated segment

This tunnelling scenario is typical of pronounced TBM steering, such as in the case of CAMA4.
The newly erected ring is subjected to high TBM longitudinal moments and transverse loads
delivered by the oblique hydraulic jacks. The segment subjected to the highest radial ram
loads, for example the outer springline segment in a horizontal curve, undergoes significant
outward rotations that reduce locally the tail clearance. The segment is subjected to a high
concentration of sealing pressures, or tail reaction if it makes contact with the tail skin, and
bends biaxially. The high longitudinal compression of the hydraulic jacks prevents hoop
flexure cracking. However, the hoop curvatures combined with the hoop tension near the ring
front typical of sequential loading may result in the longitudinal cracking of the segment
intrados at the ring front. This cracking pattern was detected in the outer springline segment of

CAMA4, although it appeared to close progressively in the following advances.

Finally, it was found that the initial in-plane angularities of longitudinal joints with contact at the ring
front may be corrected with sequential loading. The uneven strain field detected in segment B3 agreed
with the STM and crack patterns of unevenly supported segments with one instead of three packer

supports.
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Chapter 9
Conclusions

The study investigated the longitudinal and transverse behaviour of CSL structures simultaneously
backfilled with BGs during tunnelling, and the influence of this short term behaviour on the long term
response. It was also sought to advance in the development of a theoretical framework for CSL design
and management that captured the effects of radial ring loading and TBM-lining transverse interaction
near the tail skin. Despite empirical evidence proving that most damage in CSLs during construction
takes place at the early stages of tunnelling (Chen and Mo, 2009; Sugimoto, 2006; Gruebl, 2006), the
conventional CSL design methods in use today ignore the tunnelling effects on CSL performance and
thus can lead to either overdesigned structures or structural damage. Furthermore, most research to
date on CSL behaviour during construction focuses on the impact that grout pressure distributions in
the tail void have on the lining response, entirely neglecting the sequential ring loading and
TBM-lining transverse interaction that this study proved to be key in the short and long term
behaviour of CSLs.

The study was supported on the interpretation of the CTT field data collected during tunnelling, which
included BOTDR data. The research works comprised the development of installation procedures for
BOTDR sensing in CSLs during tunnelling and a performance-based assessment of the BOTDR data.

The CTT lining was a curved jointed CSL furnished with spear bolts. Since most published literature
to date is based on flat jointed CSLs and the function of spear bolts in current CSL configurations was
unclear (Harding et al., 2014), the study included the evaluation of the impact of joint geometry on

CSL behaviour and the identification of the bolt’s role during construction.

In this chapter, the findings are described, explaining their limitations and implications for the design
and management of CSL tunnels. Then, the lines of future research that stem from this study are

outlined.

9.1. Findings

In chapter 1, the research objectives were specified. In this section, the findings of this study are

referred to the defined objectives.
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9.1.1. CSL behaviour

9.1.1.1. Longitudinal behaviour
The study of the CTT longitudinal response during construction described in chapter 6 revealed that
CSLs simultaneously backfilled with cementitious grouts undergo an early relaxation of the
longitudinal pre-stressing force due to the temperature changes induced by grout hardening. For a
given tunnel system, the magnitude of relaxation depends mainly on the temperature profile given by
the grout mix and the ambient temperatures. In the CTT tunnel, a chalk tunnel backfilled with BGs,
the longitudinal mean strains were reduced by 50%, equivalent to 85bar/ram, in the months following
ring erection. The combination of early thermal relaxation with the deferred creep decompression that
develops with loading time (Arnau, 2012) could result in small long term longitudinal forces, which
undermines ring interaction and increases long term ring misalignments in tunnels subjected to

deviatoric pressures (Objective 1.1).

It was also found that the residual moments and shear forces after sequential CSL construction are
highly dependent on the TBM moments and transverse actions near the tail skin. The tunnel tends to
bend when subjected to pronounced TBM steering around curves and is prone to shearing under the
cumulative effect of uplift forces. The internal forces remaining in the tunnel after its construction may
lead to delayed ring joint opening or lipping as the tunnel pre-stressing force is lost. During tunnelling,
the greater internal forces can also originate ring joint damage, with higher risk during the ring
assembly periods in the TBM cycles following ring erection due to the reduction in total longitudinal
force (Objective 1.2).

The deployment of analytical models enhanced the field data interpretation. The solution developed
for a sequential elastic rod subjected to trilinear temperature and in shear interaction with the elastic
ground enables the accurate prediction of tunnel relaxation caused by grout hardening. The proposed
sequential elastic beam model incorporates the effects of stage-varying net TBM moments, transverse
loads and lining pressure gradients within L. It was proved to estimate satisfactorily the history of
tunnel beam response during construction with the derived expression of El,. The improved tunnel
beam solution eliminates the need for the ad hoc selection of stiffness parameters to match field
measurements as done in previous works (Hoefsloot, 2009; Talmon et al., 2009¢) (Obijectives 1.3 and
1.4).

Following the validation of these two models as effective tools for the prediction of longitudinal lining
response, a PDA method for the early detection of tunnel sections prone to ring joint damage was
proposed (see Figure 6.19 repeated). Given the reliance of this PDA method on elastic solutions, it is
envisaged as a preliminary assessment method for the identification of future problematic areas in a
tunnel immediately after its construction. Then, asset owners can focus on the detailed analysis of

these areas with more sophisticated methods and on developing monitoring, inspection and
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maintenance plans that target these areas. The method requires that the TBM is equipped with
transducers that can measure the transverse ram loads and sealing pressures, that the TBM records on
the above loads and longitudinal ram loads are available and that the in situ lining temperatures are
either monitored from early construction or estimated (Objective 1.5).

In situ TBM records on Monitored TBM TBM records on
temperatures ram loads transverse actions ram loads
during construction i l l
Analytical solution for Refined Bogaards’
[Gil Lorenzo] thermal effects during solution for tunnel [Gil Lorenzo]
construction beam response

Residual longitudinal History of tunnel beam

strains after construction response

[Arnau] Factor (RCF) approach rotation and shear force

(Arnau, 2012) Ring joint rotation with limits

Remaining Compression] Shear strength fComparison of ring joint
limit [Gil Lorenzo] 'L

v

Longitudinal force in
structure at given age

Y
Identification of areas
at risk of ring joint
damage at given age

Figure 6.19 (repeated): PDA method for preliminary assessment

The proposed rod and beam models could enable tunnel designers to customise ring joint design in
accordance with the predicted history of longitudinal lining response. However, a reliable method for
the prediction of TBM ram loads and net transverse TBM-lining interactions based on the knowledge
of the proposed tunnel drive, i.e. possibly alignment and geology, and foreseeable operations would be
needed beforehand.

9.1.1.2. Transverse behaviour

The CTT field data interpretation proved that the TBM-lining transverse interaction near the tail skin
determines CSL ring behaviour at the early stages of tunnelling, e.g. the first three and two TBM
cycles in CAM3 and CAM4 respectively. The ring response resultant from this interaction is
irrecoverable and contributes to the total deformations and internal forces developed in the long term;
in tunnels excavated in grounds with Ky=1, it becomes the main source of ring distortion. The grout
pressures within Ly of CSLs simultaneously backfilled with BGs play only a secondary role in ring
response. The longitudinal beam response to construction loads in CSLs where deflections are
constrained by the TBM hardly affects ring distortion (Objective 1.6).
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The above conclusions can become a turning point in the design approach to CSLs (and TBMs) and in
future research tackling lining behaviour during mechanised shield tunnelling, which, to date, has been
mainly focused on the influence of grout pressures on the longitudinal and transverse response of
CSLs.

The TBM transverse action onto the lining can be delivered through the sealing system, the hydraulic
jacks and in extreme cases the contact with the shield tail. The sealing pressures are the sum of sealing
compound pressures and the pressures of the steel stiffeners, which are inversely related to the tail
clearance. The transverse load of oblique hydraulic jacks is proportional to the magnitude of their

thrust and the relative inclination of the rams.

Based on the CTT field data interpretation and the 3D numerical study conducted in chapters 7 and 8
respectively, a theoretical framework for the development of limit state design methods that captures
the effects of the TBM-lining transverse interaction was proposed (see Table 9.1): the construction
loading scenarios representative of field conditions, together with the associated CSL structural

response and damage mechanisms, were identified and described (Objectives 1.7 and 1.8):

a) CS1: Concentric ring

The sealing pressures acting on the lining are axisymetric and the downward action of the

hydraulic jacks against uplift forces is small, at least in CSLs backfilled with BGs. This CS is

equivalent to the case of sequential loading under axisymmetric conditions studied in chapter

7. The numerical models revealed that there is longitudinal migration of hoop compression to

neighbouring rings during sequential ring loading until the ring is eventually subjected to

uniform compression. There is a tendency for segments not fully constrained by the ram pads
to rotate radially.

There are two potential damage mechanisms:

1. Residual in-plane angularities, particularly at keystone joints, such as those observed in
the least longitudinally compressed segments of CAM3. These permanent deformations
can increase the risk of splitting failure at longitudinal joints or corner chipping at the ring
rear;

2. Spalling at the ram pad interspaces of the front circumferential face accentuated by hoop
tension at the ring front. The concrete spalling could not be detected with the CTT
instrumentation layout, but the segments A3, D3 and B4 experienced hoop tensile strains
exceeding the CTT elastic limit at the ring front.

CS2: Eccentric ring

The lining is eccentric relative to the tail skin. The sealing pressures are smoothly distributed

with pressure gradients proportional to the ring eccentricity. The transverse action of the

oblique hydraulic jacks locks the relative position of the ring. The radial rotation of the

segments with the lowest tail clearance is constrained. The ring deforms under the action of
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the pressure gradients combined with uneven constraints. This CS may be representative of a
tunnelling scenario with moderate TBM steering, for example around a curve.

CS2 is well represented by the FE models simulating sequential radial loading with pressure
gradients and uneven ram pad-lining interfaces examined in chapter 7. The numerical results
confirmed that the magnitude of the ring distortion was directly related to the pressure
gradients, Ly and the ring flexural stiffness, i.e. the curved jointed CSLs deformed more than
the flat jointed CSLs. The deformation mode depended on the relative orientation of pressure
gradients and ram pad constraints. The reference numerical models, selected from credible in
situ boundary conditions inferred from the field data, were able to replicate the in situ ring
behaviour during AD1 and were deployed as an effective tool to describe the underlying
mechanics of the instrumented rings.

There is one concrete damage mechanism characteristic of this CS that adds to those of CS1:
hoop cracking near the rear joints of constrained segments due to the hoop force spread at
longitudinal joints with short contact lengths combined with the longitudinal bending induced
by the radial ram loads. The risk of concrete spalling in constrained segments is also
increased. The amplitude of the ring distortion magnifies the risk associated with both damage
modes. The ring rolling and the relative orientation of pressure gradients and constraints
affects the likelihood of damage. None of the above damage types could be detected with the

designed ring instrumentation.

The evolution of field lining pressures of both rings confer credibility to the CS2 proposed:
both rings were subjected to vertical pressure gradients much higher than grout-static,
60kPa.m and 25kPa/m for CAM3 and CAM4, and horizontal pressure gradients near the tail
skin. The pressure gradients dissipated abruptly when the ring emerged fully from the shield

tail.

CS3: Rotated segment

This tunnelling scenario is typical of pronounced TBM steering around curves, such as in the
case of CAM4. The newly erected ring is subjected to high TBM longitudinal moments and
transverse loads delivered by the oblique hydraulic jacks. The segment subjected to the
highest radial ram loads, for example the outer springline segment in a horizontal curve,
undergoes significant outward rotations that reduce locally the tail clearance. The segment is
subjected to a high concentration of sealing pressures, or tail reaction if it makes contact with
the tail skin, and bends biaxially. The high longitudinal compression of the hydraulic jacks
prevents hoop flexure cracking. However, the hoop curvatures combined with the hoop
tension near the ring front typical of sequential loading may result in the longitudinal cracking

of the segment intrados at the ring front.
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This cracking pattern was detected in the outer springline segment of CAM4, although it
appeared to close progressively in the following advances. Sugimoto (2006) also reported that
72% of the longitudinal cracks recorded in his statistical study were formed while the ring had
not fully emerged from the shield tail; 70% took place in tunnel sections with curved
alignments and frequently at the springline segments.

It was proved that the numerical models could predict well the R1 ring behaviour during one TBM
advance despite the simplified simulation of the TBM-lining transverse interactions: the radial
pressures in the models were uniformly distributed along the longitudinal axis and the transverse
action of the ram pads on the constrained segments were simulated with ring plane fixity. A more
sophisticated modelling of the TBM-lining transverse interaction could have improved the reliability
or the quantity of these findings. However, the required information on the TBM parts relevant to the

TBM-lining transverse interaction was not available at the time.

The data captured in the CTT field trials provided key evidence that confirmed the importance of the
TBM-lining transverse interaction on the CSL response, especially because the CTT was excavated in
a chalk stratum whose primary in situ stresses were characterised by K¢=1, meaning that the
construction effects were not biased by the tunnel deformations under deviatoric earth pressures. The
strain data, however, was affected by concrete creep effects and the quality of BOTDR measurements
(see section 9.2). The tail clearance, hydraulic jack inclination and ram pad eccentricity could not be

measured.
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Table 9.1: Construction loading scenarios representative of field conditions near the tail skin

9.1. Findings

Construction loading scenarios near the tail skin

No. Description

Ring behaviour near the tail skin

Structural damage in R1

In situ evidence Structural analysis

1 Concentric ring: Sequential radial compression under roughly axisymmetric conditions.

Profile C”)
I

X T i T

C‘ng’ - RL| R2 ‘ R3 | R4 | Rs | R6 | R7
Migng \ \ ‘
— I T T

(gm

This case is typical of straight alignments. 1. Permanent ring deformations when 1. Permanent in-plane angularities at least

There is longitudinal migration of hoop
compression to neighbouring rings.

Also, radial rotation of free segments under
eccentric ring compression and offset ram
loads relative to the packers.

the segments are free to rotate
radially with sequential loading; they
may lead to concrete splitting or
chipping near the rear corners of
segments during or after construction.

2. Spalling at the interspaces between
ram pads of the circumferential face
exacerbated by tensile concrete
cracking at the ring front.

3D FE models for the
sequential loading of two
coupled rings under
axisymmetric conditions

longitudinally compressed segments of CAM3;

2. Hoop tensile membrane strains greater than the
CTT yield tensile strain of +130pe observed at A3,
D3 and B4 segments.

2 Eccentric ring: Sequential radial compression under a smooth distribution of sealing
pressures with vertical and horizontal pressure gradients proportional to the tail clearance.

L R7

TBM transverse actions:

—_—

- Hydraulic jacks
E Steel brush seal

This case is typical of tunnel sections
subjected to moderate TBM steering, e.g.
at curved alignments.

The ring deforms under the action of
pressure gradients and uneven ram
pad-lining interface.

The deformation mode depends on the
orientation of pressure gradients and the
ring perimeter subjected to ram pad
constraints.

The magnitude of ring distortion and hoop
moments depends on L ,, the value of
pressure gradients and longitudinal joint
geometry.

1. Hoop cracks at the intrados of rear
corners of constrained segments;

2. Higher risk of spalling at the
interspaces between ram pads of the
circumferential face.

3D FE models for the
sequential loading of ten
coupled rings under radial
pressures with vertical
gradient, variable ram
pad-lining interface and R1
selfweight.

Evidence of sealing pressures in eccentric rings:
CAMB3 and CAM4 vertical pressure gradients
greater than grout-static and horizontal gradients
near the tail skin that drop abruptly once the ring
exits from the shield tail;

Evidence of ring behaviour: Good correlation
between the in situ ring distortion, vertical til, hoop
curvatures and hoop mean strains of CAM3 and
CAM4 during AD1 with those predicted by the 3D
FE reference models, the 3UKRA model and the
3UAB model. The reference models were selected
beforehand in accordance with the most credible
boundary conditions inferred from the field data.

3 Rotated segment: The segment subjected to the greatest outward radial ram load rotates
outwards. The local reduction of tail clearance results in highly concentrated sealing
pressures, and tail reaction if it is in direct contact with the shield tail, on the segment.

Miong

This case is typical of tunnel sections
subjected to pronounced TBM steering
such as in curved alignments.

The segment undergoes biaxial bending due
to the concentrated pressures combined with
hoop membrane tension at the segment front
due to segment rotation.

There are two modes of bending depending
on whether there is direct contact with the
shield tail.

1. Longitudinal flexural crack at the
intrados of the rotated segment.

Detection of a temporary crack at the intrados and ~ #N/A
front of the CAMA4 springline segment located at
outer side of the horizontal curve, i.e. B4;

70% of the longitudinal cracks in Sugimoto's
(2006) statistical study appeared in curved
alignmentand frequently at springline segments.
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9.1.2. SHM systems for CSLs

The CTT deployment study evidenced that the development of FO connectors that can be connected
quickly and perform effectively and reliably in hard construction environments is essential for the
conventional use of DFOS sensing in CSLs, at least, for research projects. The development of small
and cost-effective interrogators may facilitate the deployment of DFOS sensing techniques by the

tunnel industry in a somewhat systematic manner (Objective 2.1).

In the CTT case study, the BOTDR measurement specification was adequate for the optical budget of
DFOS circuits, although the repeatability governed by the interrogator was quite high when compared
to the range of measured strains (Objective 2.3). It was, however, showcased the capability of
BOTDR measurements with 500mm gauge length to detect concrete cracks in segments working at

serviceable states with the centroid fitting method (Objective 2.4).

It was found that, in CSLs with staggered joints, temperature compensated mean strains represent net
mechanical strains in hoop direction and total mechanical strains in longitudinal direction. Total

curvatures in both directions could be representative of net mechanical curvatures (Objective 2.2).

A new double cross-correlation method based on normalised BFS and BFS increments can
compensate the lack of local DFOS pre-tensioning as a spatial reference technique in the optical circuit
(Objectives 2.1 and 2.2).

9.1.3. Joints and bolts

A new analytical method for longitudinal joint design that predicts joint performance against bursting
and watertightness criteria for variable out-of-plane rotations was proposed in chapter 2. This
inexpensive method enables tunnel designers to make rational decisions on the geometry of
longitudinal joints by inserting the results of global CSL structural analysis on the proposed NR
diagrams. The selection of joint geometry no longer needs to rely on general guidelines supported on
past performance (Baumann, 1992). When more than one option is possible, then the evaluation of
other criteria such as cost or the impact on the environment can be pondered. The method cannot cope

with the effects of in-plane angularity (Objective 3.2).

The analytical estimation of bursting capacity and forces at imminent cracking can be a powerful tool
in the preliminary stages of joint design, as it can help designers to minimise or avoid the need for
costly full-scale tests and FE analyses and identify opportunities to reduce or eliminate bursting
reinforcement in accordance with the expected global behaviour of the tunnel. However, the method
proposed here relies on Zhou’s (2015) polynomial approximation to ILCs, which overestimates otmax
in eccentrically loaded joints. The development of more accurate analytical expressions for transverse

stresses is needed and should be encouraged in future research (Objective 3.1).
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The bursting capacity before cracking depends mainly on the joint curvature and fi. Curved joints with
radius in the order of 3.5m tolerate larger rotations than flat joints. The splitting cracks in flat joints
tend to develop near the joint edge, which can trigger rebar corrosion and loss of lateral confinement.
Conversely, the splitting cracks of curved joints would tend to be close to the joint mid depth. High
strength concretes, with generally superior f;, ensure a greater bursting capacity before cracking.

The influence of joint geometry on the resilience to in-plane imperfections was briefly investigated
through flat and curved joints with either a straight or rounded extrusion. Overall, the rounded flat
joints exhibited the best resilience to high «;, followed by joints with one single curvature. The

out-of-plane rotation of rounded flat joints, however, may undermine their resilience to o;.

The impact of longitudinal joint geometry on the global performance of CSLs in soft ground, i.e. with
moderate a, was examined in chapter 4 through a ten-ring model subjected to variable longitudinal and
ovalisation loads. Given the longitudinal relaxation of tunnels with time (see section 9.1.1), the
uncoupled rings could represented the long term condition while the strongly coupled CSLs could

approximate the short term condition.

It was found that the CM solution underestimates the ring convergence of uncoupled segmental rings,
particularly in those with curved joints, and provides a good estimation of peak hoop moments in flat
jointed rings without substantial joint opening and in curved jointed rings, in the latter case when
applied with smeared lining stiffness. With ring coupling, the vertical convergence approached the
CM predictions at the expense of increasing hoop moments. The maximum moments at infinite ring
coupling were linearly correlated with the CM peak moments through a lining stiffness factor fcs

greater than 1, independent from K, and inversely related to the longitudinal joint stiffness.

The detailed study on the role of spear bolts during construction, conducted in chapter 3, concluded

that these bolts have two functions:

1. To impose a physical constraint to longitudinal joint lipping during ring build;
2. To reduce the risk of chipping at segment corners and differences in the radial rotation of

adjacent segments while the ring exits the tail skin.

Contrarily to industry opinion, spear bolts have a secondary role in holding longitudinal gaskets

closed, particularly in CSLs equipped with dowels at circumferential joints (Objective 3.3).

9.1.4. Recommendations for joint design

9.1.4.1. Long term performance

The longitudinal joint geometry is only a relevant parameter of long term performance in tunnels
excavated in soft ground, i.e. with at least moderate o. Curved jointed CSLs reduce the risk of a
consistent development of bursting cracks. However, in tunnels in soft ground under high ovalisation

loads, the long term watertightness may be undermined due to excessive ring misalignments. The use
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of dowels at circumferential joints limits the magnitude of ring misaligments. Flat jointed CSLs in soft
ground under high ovalisation loads generally demand the use of concretes with higher f; and more
bursting reinforcement than curved jointed CSLs.

9.1.4.2. Performance during construction
Table 9.2 summarises the implications that the selection of the longitudinal joint geometry may have
on the CSL performance and risk of damage during construction, including recommendations on

packer design, bolt deployment and TBM operations as a way to mitigate the risk of damage.

Packer depths equal to joint depths minimise segment rotations during sequential loading. Packer
materials with low initial stiffness and substantial hardening under compression can prevent

permanent tulip shapes without undermining the distribution of longitudinal loads within packers.

Boltless CSLs can be adopted in favourable tunnelling conditions with the benefit of removing the risk
of localised cracking near bolt pockets (Chen and Mo, 2009) and cutting costs. Curved jointed CSLs
may require the use of spear bolts to reduce the differential rotation of adjacent segments in
non-bedded eccentric rings.
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Table 9.2: Influence of longitudinal joint geometry on risk of concrete damage

Curved jointed CSL

Potential damage Triggered by Damage
Response — - —
Likelihood Severity Mitigation
Chipping/cracking of Initial joint rotations Peak contact pressures near the joint mid Low Low N/A
segment corners or depth are stable and equal to those in perfect
bursting cracks at joints.
longitudinal joints  ~|n_plane angularities They can originate at assembly stage, less Moderate Permanent 1) Careful assembly.
likely during sequential loading. Resistance to
bursting and shear decrease sharply.
CS1: Concentric ring Peak contact pressures near the joint mid Low Low N/A

depth are stable and equal to full ring
compression.

CS2: Eccentric ring

The low I g amplifies ring distortion, which
increases the radial and tangential TBM
reaction forces and in turn increase the
longitudinal bending and decrease hoop
compression respectively at the extremities of
the restrained ring perimeter.

Low at straight alignments or with
diligent steering.
Moderate at curved alignments or with
substantial TBM steering.

Temporary action but permanent damage

1) Diligent steering;
2) Short L;
3) Deploy spear bolts;

Spalling at ram pad
interspaces

CS1: Concentric ring with
negative ram pad eccentricity

Peak hoop tensile strains at ram pad
interspaces in standard segments increase
with negative ram pad eccentricity.

Moderate with high ram loads: e.g. in
deep tunnels with high H/D ratio or
substantial TBM steering.

Low in other cases.

Temporary action but permanent damage

1) Careful assembly;

2) Diligent steering;

3) Apply moderate positive ram pad
eccentricity by default.

CS2: Eccentric ring

The low I g amplifies ring distortion, which
increases tangential TBM reaction forces and
in turn increase the peak tensile strains at the
ram pad interspaces of restrained standard
segments.

Low at straight alignments or with
diligent steering.
Moderate at curved alignments or with
substantial TBM steering.

Temporary action but permanent damage

1) Diligent steering;
2) Short L.

Longitudinal flexural
cracking at segment
intrados

CS3: Rotated segment

The segment bends biaxially.

The high longitudinal compression of ram
loads prevents flexural cracking in hoop
direction. The hoop curvatures combined
with the hoop tension at the ring front results
in longitudinal flexural cracking at the
segment intrados.

Low at straight alignments or with
diligent steering.
Moderate at curved alignments or with
substantial TBM steering.

Temporary action and, at least, the
damage may be partially reversible.

1) Diligent steering;

2) Short L;

3) Deploy spear bolts in segments with
foreseeable high rotations, e.g. outer
springline segments at curved alignments;
4) Maximise K; through packer number,
depth and material;

5) Apply moderate positive ram pad
eccentricity by default;

6) Avoid keystones at areas with foreseeable
high segment rotations.
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Table 9.2 (continued)

Flat jointed CSL

Potential damage Triggered by Damage
Response — - —
Likelihood Severity Mitigation
Chipping/cracking of Initial joint rotations Peak contact stresses increase with joint Moderate Permanent 1) Careful assembly.
segment corners or rotation at joint edge.
bursting cracks at
longitudinal joints " |n_plane angularities They can originate at assembly stage or the Moderate Permanent 1) Careful assembly.
sequential loading of eccentric rings.
Resistance to bursting and shear decrease
sharply.
CS1: Concentric ring Contact stresses at joint edge increase with Moderate Temporary action but 1) Maximise K j through packer number,

radial segment rotations. Segment rotations
depend on the segment length, the rotational
capacity of circumferential joints, ram pad
eccentricity and, to a lesser extent, radial
pressures.

Higher at keystone permanent damage

depth and material;

2) Apply moderate positive ram pad
eccentricity by default;

3) Maximise keystone length;

4) Careful assembly;

5) Deploy spear bolts at keystone
longitudinal joints;

6) Design packers specific for keystones.

CS2: Eccentric ring The high Ig limits the ring distortion, which Low, but the risk increases when Permanent 1) Careful assembly;
leads to reduced radial and tangential TBM combined with 2D or 3D imperfections. 2) Diligent steering;
reaction forces and in turn results in low 3) Short L;
longitudinal bending and hoop compression 4) Deploy spear bolts (minor).
at the extremities of the restrained ring
perimeter.

Spalling at ram pad  CS1: Concentric ring with
interspaces negative ram pad eccentricity
Same as curved jointed CSL.
CS2: Eccentric ring The high & limits the ring distortion, which Low Permanent 1) Careful assembly;

leads to reduced tangential TBM reaction
forces and in turn results in low peak tensile
strains at the ram pad interspaces of
restrained standard segments.

2) Diligent steering;
3) Short L,

Longitudinal flexural
cracking at segment
intrados

CS3: Rotated segment

Same as curved jointed CSL.
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9.2. Future works

This study represents a qualitative leap towards the optimisation of CSL design, shifting the attention
of researchers and designers from tail void pressures to TBM-lining transverse interactions as the most
determinant factor of structural response during construction in CSLs simultaneously backfilled with
BGs. Further work is, however, required to develop the theoretical framework proposed here into limit
state design methods, with clearly defined input loads and structural models, that can be deployed
systematically by designers.

Figure 9.1. illustrates the research workflow needed to incorporate the effects of TBM-lining
transverse interaction into design procedures. It integrates the findings in this study with the lines of

future research:

1. Development of a TBM monitoring system fitted into the tail skin for the measurement of tail
clearance, hydraulic jack inclination and ram pad eccentricity during tunnelling.

With the measurement of the quantities outlined in Figure 9.1, it would be possible to
calculate the relative inclination between ram pads and lining, which should determine the
transverse component of ram loads providing there is no lipping of the pads, and the
distribution of sealing pressures derived as a function of the tail clearance. The history of
TBM-lining transverse interactions captured during tunnelling would become an input for the
preliminary PDA method of ring joints and would provide valuable field data for the
development and validation of line research 3.

The plan should include the development and verification of a prototype and the in situ
validation of the underpinning hypotheses with a structural monitoring system;

2. Definition of the correlation between tail clearance and sealing pressures through laboratory
loading tests of sealing systems. The knowledge of this relationship would contribute to
validate the line of research 1 and obtain credible input loads for the analysis of CS3;

3. Development of engineering models that can predict a range of working transverse loads from
input tunnelling conditions, e.g. geology and tunnel alignment. These working loads could
then be used as input loads for the analysis of CS2 and help designers to optimise ring joint
design with the aid of the tunnel beam models proposed in this study;

4. Development of CSL structural models for limit state design representative of CS2;

5. Development of segment structural models for limit state design representative of CS3.
Other secondary lines of research are:

6. Study on the impact of nonlinear strain profiles and concrete cracks on the BOTDR
measurement accuracy and the influence of DFOS attachment methods on crack detection and

measurement of average steel strains in cracked concrete;
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7. Development of accurate analytical expressions for transverse stresses required for the
calculation of joint bursting capacity;

8. Study on the impact of joint geometry and ring sequential loading on the resilience of
longitudinal joints to angular imperfections. The brief investigation conducted in chapter 2
evidenced differences in resilience between joint geometries. Additionally, the CTT field data
interpretation showed that the sequential ring loading may correct the initial in-plane
angularities of joints with contact at the ring front and exacerbate the angular imperfections of

opposite sign.
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1. Development of a TBM monitoring system for
the measurement of tail clearance, hydraulic jack
inclination and ram pad eccentricity during
tunnelling.

It should include:

- development of a prototype;

- in situ validation with a structural monitoring
system.

3. Development of engineering models that
can predict a range of working transverse
loads from input tunnelling conditions, e.g.
geology and tunnel alignment.

9.2. Future works

2. Definition of correlation between tail
clearance and sealing pressures through
laboratory tests of sealing systems.

Proposed PDA method for the identification
of tunnel sections at risk of ring joint damage

TBM recordson
ram loads

Monitored TBM
transverse actions

In situ TBM records on
temperatures ram loads
during construction

Refined Bogaards’

Analytical solution for

[Gil Lorenzo)] [Gil Lorenzo]

solution for tunnel
beam response

thermal effects during
construction

History of tunnel beam
response

Residual longitudinal
strains after construction

+

Remaining Compression
Factor (RCF) approach
(Arnau, 2012)

Comparison of ring joint
rotation and shear force
with limits

Shear strength

[Arnau]
Ring joint rotation

limit [Gil Lorenzo]

Longitudinal force in
structure at given age

Identification of areas
at risk of ring joint
damage at given age

1. Outline of TBM monitoring system for the measurement of tail clearance,
hydraulic jack inclination and ram pad eccentricity:

Tail skin

Segment /'

Automatic measurement of
v distance D in at least 2 points

Automatic measurement d
of distance d and angle y
in at least 2 points

Proposed CS2 representative of field conditions
near the tail skin of an eccentric ring:

1. Outline of construction loads;

2. Description of structural response;

3. Identification of damage mechanisms.

Profile

R7

Proposed CS3 representative of field conditions
near the tail skin of an ring with a rotated segment:
1. Outline of construction loads;

2. Description of structural response;

3. Identification of damage mechanisms.

@ Plan
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4. Development of CSL structural models for

limit state design.

Figure 9.1: Future works

5. Development of segment structural models
for limit state design.
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VW Strain Gauge Embedment VWS-2100 Series

Designed for direct embedment in concrete. Can be
used within mass concrete with coarse aggregates as
its heavy duty construction resists bending and the
large end flanges provide a high contact area.




VW Strain Gauge Embedment VWS-2100 Series

Overview

APPLICATIONS

Measurement of stress and strain deformation in:

Driven and bored piles

Tunnels and deep excavations

Mass concrete pours

Precast piles

Concrete dams

Retaining walls

Dynamic measurements with auto resonant
version

Building foundations

Geosense® VWS-2100 series vibrating wire embedment strain
gauges are designed for direct embedment in concrete.

The strain gauge operates on the principle that a tensioned wire,
when plucked, vibrates at its resonant frequency. The square of
this frequency is proportional to the strain in the wire.

The gauge consists of two end blocks with a tensioned steel wire
between them.

Around the wire is a magnetic coil which when pulsed by a
vibrating readout or data logger interface plucks the wire and
measures the resultant resonant frequency of vibration.

Deformation within the concrete will cause the two end blocks
will move relative to each other. The tension in the wire between
the blocks will change accordingly thus altering the resonant
frequency of the wire.

VWS-2125 can be used within mass concrete with coarse
aggregates as it's heavy duty construction resists bending and
the large end flanges provide a high contact area.

www.geosense.co.uk

FEATURES

Reliable long-term performance

Rugged, suitable for demanding environments

High accuracy

Insensitive to long cable lengths

Totally waterproof

Direct embedment in concrete

Auto resonant units available




VW Strain Gauge Embedment VWS-2100 Series

Specifications
GENERAL
Model number VWS-2100 VWS-2120 VWS-2125
Gauge length 150mm 50mm 250mm
Overall length 156mm 54mm 260mm
Resolution 1 ue 1 ue 1 ue
Strain range 3000 pe 3000 pe 3000 pe
Accuracy’ +0.1% to +0.5% FS +0.1% to +£0.5% FS +0.1% to +£0.5% FS
Non linearity <0.5% FS <0.5% FS <0.5% FS
Coil resistance 180Q 180Q 180Q
Coefficient of thermal expansion 12.0 ppm/°C 12.0 ppm/°C 12.0 ppm/°C
Thermal factor K <0.1% FS/°C <0.1% FS/°C <0.1% FS/°C
Temperature range -20°C to +80°C -20°C to +80°C -20°C to +80°C
Frequency range 850-1550 850-1550 850-1550

Cable type

2 pair x Type 900 - VW Sensor with Foil Screen & Drain Wire

Cable sheath

Orange PUR 5mm®@

ORDERING INFORMATION

Gauge length

Cable length

Readout

1+0.1% with individual calibration, £0.5% FS with standard batch calibration

www.geosense.co.uk



VW Strain Gauge Embedment VWS-2100 Series

Further Information

READOUTS

VWS-2100 vibrating wire strain gauges may be read
by the VWR-1 or any vibrating wire readout device
and may be readily data logged using the GeoLogger
G8-Plus or any other data loggers with vibrating wire
interface modules.

CABLES

therefore insensitive to resistance changes in
connecting cables caused by contact resistance or
leakage to ground.

Cable may be readily and simply extended on site
without special precautions. Gauges may be read
up to 1000 metres away from their installed location
without change in calibration.

FULLY WATERPROOF

VWS-2100 strain gauges are fully waterproof all
stainless steel construction with coils encapsulated
with epoxy resin. The protective tube assembly is
totally sealed to the embedment flanges by laser
welding, thus eliminating any possibility of seal
degradation. During the testing and stressing
procedures, the welds are fully checked by tensile
testing carried out in excess of the elastic limit of the
protective tube assembly.

ROSETTES & ZERO STRAIN CONTAINERS

Strain gauge rosettes and zero strain containers are
available for VWS-2100 gauge series.

www.geosense.co.u k
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FUJIKURA'S SPECIFICATION
FOR

SINGLEMODE OPTICAL FIBER RIBBON
(Fujikura's Designation: FutureGuide®SM 8 FIBER RIBBON)

1. Generd
This specification covers singlemode 8 optical fiber ribbon optimized at a wavel ength of
1310 nm but also can be used at 1550 nm, complying with the subcategory G.652.B in the
ITU-T recommendation G.652 June 2005.

2. Specifications
Unless otherwise stated, the following characteristics are measured at ambient temperature
(25 +5°C).

2-1. Fiber Materia
(i) Core: Silica (SiO,) doped with Germanium Dioxide (GeO,)
(i) Cladding: Silica(SIO,)
(iii) Coating: Dual layers of UV-cured Acrylate (Non-colored)
The 3rd layer of color-coded UV-cured Acrylate

2-2. Fiber Structure
Refer to Fig. 1.

2-2-1. Dimensions
(i) ModeField Diameter: 9.2+ 0.4um at 1310 nm
10.4 £ 0.8um at 1550 nm
(ii) Cladding Diameter: 125+ 1.0um
(iii) Outer Coating Diameter: 255+ 10um

2-2-2. Refractive Index Profile
The fiber shall have a matched clad, step index profile, and the difference
between the maximum refractive index of the core and that of the cladding
shall betypical 0.36 %. (Refer to Fig. 2.)

2-2-3. Core Concentricity Error
<0.6um

2-2-4. Cladding Non-Circularity
<1.0%

2-2-5. Coating / Cladding Concentricity Error
Not more than 12.5 um

2-2-6. Fiber Curl
Radius of Curvature: >4.0m
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2-2-7. Coloring* (Refer to Figs. 3.)
The each fiber of the ribbon shall be colored appropriately for identification.
Color codes are shown in Table 1.

Table1l. Color Codesfor 8 Fiber Ribbon

Ribbon 2 3 4 5 6 7 8
Type
8fiber| Blue | White| White| Pink |Ydlow| White | White| Pink

* Another color code is available on request.

2-3. Ribbon Configuration (Refer to Figs. 3.)
2-3-1. Overall Jacket (Encapsulated Ribbon Structure)
8 fibers shall be laid parallel and coated with overall UV-cured acrylate.

2-3-2. Ribbon Dimensions  (Refer to Fig. 4.)
The ribbon dimensions and structural geometry of optical fiber ribbons are

shown in Table 2.
Table 2. Ribbon Dimensions
Fiber alignment
Number Width Thickness Horizontal separation Planarity
of fibers w t Adjacent fibers | Extremefibers
d b P
um um um um um
8 < 2200 320+ 20 < 280 < 1880 < 25

2-4. Optical Characteristics
Unless otherwise stated, the following characteristics are effective for each fiber in
ribbon.

2-4-1. Attenuation (Refer to Fig. 5.)
(a) Under the Condition of Free-Tension (Uncoiled/Linear)
(i) <£0.35dB/km at 1310 nm
(il) <0.22 dB/km at 1550 nm
(b) Under the Condition of High-Tension ** (Coiled/Wound on the reel)
(i) <0.50dB/km at 1550 nm

** Remarks)
(b) Since fiber ribbon istightly wound on the reel with high-tension in order to
avoid becoming loose and/or being entangled during transportation, the values of
attenuation become higher than those under tension-free condition (a), due to the
microbending. However, these attenuation values recover completely down to
the tension-free level of (@), if the ribbon is put back to the uncoiled tension-free
condition.
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2-4-2. Attenuation vs. Wavelength  (Fiber Prior to Ribbonization)
The attenuation in a given wavelength range does not exceed the attenuation
of the reference wavelength (1) by more than the value a.

Attenuation vs. Wavelength
Max. Increased
Range (nm) Ref. A (nm) o (dB/km)
1285 to 1330 1310 0.05
1525 to 1575 1550 0.05

2-4-3. Attenuation with Bending (Fiber Prior to Ribbonization)
The induced attenuation due to fiber wrapped around a mandrel of a

specified diameter shown in the table below.

Attenuation with Bending
Mandrel Number of Turns | Wavelength (nm) Induced
Diameter (mm) Attenuation (dB)
32 1 1550 < 0.50
60 100 1310 < 0.05
60 100 1550 < 010

2-4-4. Attenuation Uniformity
(@) Under the Condition of Free-Tension (Uncoiled/Linear)
No point discontinuity greater than 0.1 dB at either 1310 nm or 1550 nm
inthe OTDR trace.
(b) Under the Condition of High-Tension *** (Coiled/Wound on the reel)
No point discontinuity greater than 1.0 dB at either 1310 nm or 1550 nm
inthe OTDR trace.

*** Remarks)
(b) Since the starting wound portion of fiber ribbon (about 400 m) touches
directly and tightly on the surface of redl barrel, the value of point discontinuity
become higher than that under tension-free condition (a). However, this point
discontinuity value recovers completely down to the tension-free level of (a), if the
ribbon is put back to the uncoiled tension-free condition.

2-4-5. Cable Cut-off Wavelength A
Ace < 1260 nm

2-4-6. Chromatic Dispersion
(i) < 3.5ps/(km-nm), when measured in the wavelength range of
1285 to 1330 nm
(i) < 18.0 pg/(km-nm), when measured at a wavelength of 1550 nm
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2-4-7. Zero-dispersion wavelength A,
1300 <A< 1324 nm

2-4-8. Zero-dispersion slope
< 0.092 ps/(km-nm?)

2-4-9. Effective Group Index of Refraction Ngt (Typical Values)

(i) 1.4675 at 1310 nm
(i) 1.4681 at 1550 nm

2-5. Mechanical Characteristics (Fiber Prior to Ribbonization)

2-5-1. Proof Test
The entire optical fiber length shall be tested with regard to the tensile

strength in accordance with 1EC 60793-1-30, July 2001. The screening test
valueis equal to or not less than 100 kpsi (0.7GPa= 1% elongation).

3. Environmental Specifications
3-1. Temperature Dependence of Attenuation (Uncoiled/Linear Ribbon)

The induced attenuation from -40 to +85°C shall be < 0.05 dB/km at either
1310 or 1550 nm.

3-2. Storage Environment (on the shipping reel)
-20 to +55°C, at < 98% RH.

4. Packing
Thereel lengths are the following.

8 Fiber Ribbon: 1, 2, 3,4, 5, 6 and 8 km (Max. 8 km)
Thereel size shall be standardized by Fujikura Ltd. as shown in Fig.6.
A Fujikuralabel(s) with the manufacture’s name, the production No., the type of fiber and

the fiber length shall be shown on each reel.
Other lengths are also available upon request.

5. Measurement Data
If so requested by the customer, fiber data shall be transmitted electrically and precede
each shipment (Microsoft Windows, diskette).
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Fig. 3. 8 Fiber Ribbon
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Fig. 5. Spectral Attenuation (Typical Fiber)



Barrel O.D. 310mm

310mm
O.D.

r

Flange O.D.

410mm

Internal Width
210mm

P>

External Width
281mm
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Y

Spindle Hole 1.D.
50.9mm

NOT TO SCALE

Fig. 6. Ribbon Reel

++ END OF SPECIFICATION ++
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1. General

This specification covers the optical fiber sensor cable for pile foundation monitoring system.

2. Singlemode optical fiber

Fiber characteristics

Item Construction
Mode field diameter at 1310 nm 95+1um
Cladding diameter 125+ 2 um
Core concentricity error <1lpum
Cladding non-circularity <2%
Primary coating diameter 250 £ 15 um
4-fiber ribbon jacketing diameter Nom. 1.1 mm x 0.3 mm
Transmission characteristics
Item Performance

, 02<L<1 <0.375 x L+0.125dB
Attenuation at 1550 nm < 0.5 dB/km <02 < 0.2dB
Cutoff Wavelength 1100 - 1350 nm

L= Cable Length (km)
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3. Optical Fiber Cable

Construction (Optical Fiber Sensor Cable SMx 4C)

4-fiber ribbon (Ribbon No.)

Strength member

Nylon sheath (Black)

Optical Fiber
Primary Coating
Ribbon Matrix

Iltem Construction
Fiber count 4
Number of 4-fiber ribbons / slot 1
Cable diameter Approx. 1.3 x 5.0 mm
Cable weight Approx. 8 kg/km
Ribbon identification
. Fiber No.
Ribbon No. 1 5 3 4
1 Blue White Brown Slate
Mechanical performance
Item Performance
Permissible tensile strength 70 N
Permissible bending radius 30 mm
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4. Packing

Each factory length of the cable is coiled on a suitable drum. The drum is durable and constructed
SO as to prevent damage to the cables during shipment and handling. Lags or other suitable means
of protection are applied to the drum to prevent damage to the cables during shipment and storage.
The drums are non-returnable.

After completion of the tests, both ends of the cable are sealed by a suitable method. The cable
ends are fastened so as not to protrude beyond any portion of the drum and to prevent the cable
from becoming loose in transport.

If necessary, the cable end(s) will be provided with pulling eye(s) by extra charge.



Specifications NBX-5000

Function BOTDR

Laser Wavelength 1550 £2 nm

Distance Range 50 m, 100 m, 250 m, 500 m, 1 km, 2.5 km, 5 km, 10 km, 27 km

Measurement Frequency Range 9~13 GHz

-30,000 to +40,000 pe (-3 % to +4 %)

Range of Strain Measurement
Measurement Frequency Scan Step 1, 2, 5, 10, 20, 50 MHz
Readout Resolution 5 cm (minimum)
600,000 (default)
Average Count Settings 25~ 223 times (inc. Hardware Average Count 2 16)
Pulse Width 10 ns 20 ns 50 ns 100 ns

50 cm 1m 2m 5m 10 m

Sampling Points

5ns

Spatial Resolution
Dynamic Range ") 2 dB 5 dB 8 dB 10 dB 13 dB
Max. Measurement Distance ? 5 km 15 km 20 km 27 km 27 km

Optical Budget"® 4 dB 7 dB 10 dB 12 dB 15dB
Measurement Accuracy ®® 50 pe /2.5°C 30ue/1.5°C
Repeatability #“® 20 ye/1.0°C
Measurement Time"” 5 second (minimum)
Signal Terminal Input-Output Fiber Single mode optical fiber
Fiber Connector FC-APC / SC-APC (factory option)

Suitable Fiber Single mode optical fiber

Remort Control Interface TCP/IP / GPIB (factory option)

Power Supply AC100 ~ 240V 50/60Hz 250VA
approx. 456 (W) x 485 (D) x 286 (H) mm / 30 kg

Dimensions / Weight

Operating Temperature 10~35 °C, Humidity below 85 % (no dew condensation)

Storage Temperature 0~50 °C

Place of Production

Japan

(1) Based on 21° average cycles.

(2) Based on average fiber loss of 0.3 dB/km using Single mode fiber.

(3) Based on the measurement of strain free, UV coated fiber.

(4) Based on the measurement of strain free, UV coated fiber and in constant temperature environment.
(5) The maximum standard deviation of measurement value in 5 consecutive measurements for 100 consecutive points.
(6) Within the allowable range adjusted by the optical power excluding the case of nonlinear phenomena.

(7) The settings of 50 m distance range, 28-2'% count settings, 41 scanning steps excluding the time for Pulse Adjustment.
(1)-(6) are all based on a frequency scan step of 5 MHz and with Pulse Adjustment and Auto Frequency Adjustment on.

* Specifications are subject to change without notice.

Neubrex Co., Ltd.

Sakae-machi-dori 1-1-24, Chuo-ku, Kobe, Hyogo 650-0023, Japan
Tel: +81-78-335-3510  Fax: +81-78-335-3515 (20160613)

www.heubrex.com

Neural Optical Fiber Scope

NEUBRESCOPE ~NBx-5000

Now operated from
laptop computer
for easy in-the-field use

5

Newral Chptical Filer &

Spatial resolution: 50cm / Sampling resolution: 5 €m
Repeatability of strain measurement: 20 HE

Repeatability of temperature measurement: 1.0 °C

NEUBREX”



Segment 1

Segment 3

Key features

* High cost/performance Brillouin Optical Time Domain Reflectometry ﬁBOTDR)
- Measurement of strain and / or temperature at each point in any single mode optical fiber
* Long distance measurement up to 25 km

Principles of BOTDR
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Single mode optical fiber
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Light is backscattered by accoustic
waves in optical fiber
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Brillouin gain spectrum by BOTDR

Example of strain distribution measured in spatial resolution and accuracy test fiber
with resolution of 1 m
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The NBX-5000 sensing system uses Brillouin backscattering phenomena, which employs single-end technology
for long disance up to 25 km of Brillouin Optical Time Domain Reflectmetry (BOTDR). It provides, in standard
single-mode fiber, frequency shifts due to strain/temperature changes. Dynamic sensing (rates up to 200Hz)

is also optionally avilable (NBX-5000A).
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Evaluation test Experiment setup

(1) Fiber (A) is long distance fiber (24.2 km),
25 > 35 1 470 (B) is for spatial resolution and accuracy,
and (C) is for repeatability evaluation.
24.2 km No strain changes applied on the fiber.

@D@ (2) Continuously measured for five times.

NS(-SOOO (A) (B) — (C) (3) Temprature change from 25 to 47°C
applied for the fiber (B) and (C).

Strain distribution (overlayed for five times) for the fiber (A), (B) and (C) with 2 m resolution
2000

1000
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o
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-2000
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Temperature distribution for (B) using spatial resolution and accuracy test fiber (same fiber used in the left page)
when temperature changed (25 — 35 — 47°C).
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Accuracy and Repeatability

Measured strain distribution (overlayed for five times) for the fiber (B) and (C) (left) at the same temprature,
and strain difference (right) for the fiber (C) at the same condition.
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