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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT
Civil Engineering

Thesis for the degree of Doctor of Philosophy

LABORATORY ELEMENT TESTS AND NUMERICAL MODELLING TO
INVESTIGATE THE PERFORMANCE OF COMPOSITE SPRAYED CONCRETE
LINED TUNNELS IN SOFT GROUND

Jiang Su

This thesis investigates the behaviour of composite sprayed concrete lined
tunnels via laboratory experimental work and numerical modelling. The
composite spayed lining consists of two layers of shotcrete separated by a spray
applied waterproofing membrane. The primary aims of the research were three-
fold. The first was to examine whether there is composite action between the
three layers. The second objective was to assess the factors controlling composite
action. The third objective was to explore a design methodology for producing an

efficient and robust composite SCL tunnel lining.

A three-stage research programme was undertaken at the University of
Southampton, UK. The first part of this research consisted of a large number of
short and long-term compression, tension and shear tests on samples cut from
composite shell test panels, in order to measure the interface parameters. The
second part included a series of short-term four-point bending tests on samples
cut from the same composite shell test panels and the development of
corresponding numerical models. This was to confirm the interface parameters
and verify a numerical modelling approach using Finite Difference numerical
analysis package FLAC (Fast Lagrangian Analysis Continua) ready for the third
stage. The third part of the research programme was an extensive numerical
study investigating the impact of variations in interface properties and
primary/secondary lining thickness ratios on the performance of composite SCL

tunnels under practical loadings.

The overall conclusion of the project is that there can be significant composite

action in composite SCL tunnel linings, the overall lining thickness can be



significantly reduced by utilising composite action and the sprayed membrane
interface is robust enough to maintain the integrity of CSL tunnels under most

loading scenarios.
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Chapter 1: Introduction

1.1  General background

During the reference and detailed design stages of the Crossrail project for
London Underground, it was recognised that there was a lack of knowledge on
the tensile and, especially, the shear parameters at the sprayed concrete-
membrane interface (Crossrail 2010). This prevented tunnel engineers from
designing composite sprayed concrete lined (SCL) tunnel and hence limited the
optimisation of lining thickness that could be achieved in soft ground. An
industry sponsored research project was undertaken at the University of
Southampton, funded by both Mott MacDonald and Tam-Normet, to investigate
the composite action in SCL tunnel linings with sandwiched spray applied
waterproofing membrane, by means of laboratory experimentation and numerical
modelling. This thesis presents the research carried out, its findings, and

evaluates the significance of composite action for SCL tunnel design.

1.2 Introduction to SCL tunnels

A SCL tunnel is one which uses sprayed concrete as its main ground support
measure. Its biggest advantage over the segmental lined tunnelling method is its
ability to construct non-circular shape tunnels. Depending on the preference of
designers and contractors and the specific ground conditions encountered,
different excavation sequences can be adopted to construct SCL tunnels in

different sizes and shapes.

For a typical SCL tunnel construction, following the excavation of the ground for a
given advance (e.g. top heading), the sprayed concrete is immediately applied to
the face to stabilise the exposed ground. After completion of a certain number of
following steps (e.g. bench and invert), a completed ring is formed, acting as a
load bearing shell structure for either short or long-term support. This is usually
followed by the installation of either a sheet or sprayed waterproofing membrane,
before the construction of a permanent cast in situ or sprayed concrete secondary

lining.
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1.3 History and development of SCL tunnels

1.3.1 The early days of sprayed concrete

The sprayed concrete technique, which can be dated back to 1911 in the USA,
was first used by Carl E. Akeley (Austin and Robins 1995) to make models of
animals in a museum. As a means of tunnel support, SCL was first used in 1914
in the Bruceton Experimental Mine in the USA and by the 1920s had been used in
several tunnels across Europe (Jones 2007). By the 1950s, SCL had become the
primary means of support and controlling rock pressures and deformations in
rock tunnels and mines (Kovari, 2003a, 2003b). The seminal work of the SCL
technique was mostly attributed to two Austrians, Rabcewicz (1954a, 1954b
1964a, 1964b, 1965, 1969a, 1969b, 1969c) and then Golser (Rabcewicz and
Golser 1973, 1974a, 1974b; Golser 1976, 1978) in the second half of the 20™
century. In particular, Rabcewicz rebranded this technique as the ‘New Austrian
Tunnelling Method’ (NATM). In 1969 the city of Frankfurt decided to test the
NATM for driving metro tunnels, and the subsequent successful construction of
underground stations in the 1970s demonstrated the principles apply equally well
to soft ground (Babendererde 1980).

The NATM has many definitions (Rabcewicz 1964a, 1964b, Miiller-Salzburg 1977,
Sauer 1988, Kovari 1994). There is also a debate about whether NATM is a
tunnelling philosophy or a set of excavation and support techniques (Golser 1978,
Brown 1990, Hagenhofer 1990, Barton and Grimstad 1994, ICE 1996). To avoid
any confusion, in this report ‘SCL tunnelling’ will be used to describe the tunnel

excavation and support technique.
1.3.2 SCL tunnelling in the UK

The exact date of the first SCL tunnel built in the UK is still debated. However, it
is widely acknowledged that the first extensive use of SCL in the UK was the
Channel Tunnel in 1989. The first SCL tunnel successfully built within London was
the Heathrow Express (HEX) Trial Tunnel in 1992. In 1994, SCL tunnelling
experienced its biggest crisis in the UK as an SCL tunnel collapsed during its
construction at Heathrow. All SCL works, including HEX and Jubilee Line Extension
(JLE) projects, were halted. In 1996, the Institution of Civil Engineers (ICE)
published a report (ICE 1996) on SCL tunnelling, concluding that this method can



Chapter 1

be safely used in soft ground. In this thesis, soft ground is in comparison to hard

rock.

In 2000, HSE published its investigation report (HSE 2000) into the HEX collapse,
concluding that the main contributing factor lay in the poor quality of
construction, rather than an inherent fault in the concept or defective design.
Subsequently, the SCL technique has been more widely used and is recognised as

a very efficient tunnelling method for tunnels of short length in soft ground.

It is not only useful for new tunnel construction but also suitable for the
upgrading of existing underground stations. Figure 1-1 shows the extremely
complex site conditions faced on the Victoria Station Upgrade (VSU) project where
construction is taking place adjacent to or beneath existing building foundations,
tunnels, pipelines and cable systems. At the time of writing this thesis, several
projects in London are currently utilising the SCL technique, including the £14.6
billion Crossrail project and a number of other stations forming the London
Underground Station Upgrade Programme, including Bond Street, Tottenham
Court Road and Bank Stations. The SCL technique has also been adopted for

Thames Water’s £4.1 billion Thames Tunnel (Lee Tunnel) super sewer projects.

Figure 1-1 ‘Worm’s eye’ view of VSU project (Courtesy of Mott MacDonald)
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1.3.3 Development of SCL in the UK

The development of SCL in the UK over the past twenty years can be divided into
three stages. The first stage saw SCL tunnel configuration dominated by the
sacrificial primary lining (SPL). The SPL, consisting of a layer of sprayed concrete
primary lining, a layer of sheet waterproofing membrane and a layer of cast in
situ concrete secondary lining, was adopted on the JLE project’s Waterloo and
London Bridge underground stations (Mair and Jardine 2001) as well as the HEX
Terminal 4 project (Deane et al. 1997). The main drawback of SPL was its waste of
material as the whole primary lining was treated as sacrificial in the long-term. A

typical SPL is shown in Figure 1-2 (a).

The second stage saw the development of the single shell lining (SSL). The SSL,
consisting of a layer of high-performance watertight permanent sprayed concrete
lining without any waterproofing layer, was adopted in several projects in London,
such as the Heathrow Baggage Transfer Tunnel (Grose and Eddie 1996) and the
Channel Tunnel Rail Link (CTRL) North Downs Tunnel (Watson et al. 1999). The
purpose of the SSL was to achieve both lining watertightness and material
economics through a single pass lining. However, it was found that the cracks in
the SSL could not be fully controlled, jeopardising the lining’s long-term
watertightness and durability (TRL 1998). A typical SSL is shown in Figure 1-2 (b).

The third development, which represents the current state-of-the-art technique,
is the so-called double shell lining (DSL). In terms of tunnel construction, this is
very similar to a composite shell lining (CSL) - a layer of spray applied
waterproofing membrane is sandwiched between a layer of permanent sprayed
concrete primary lining and a layer of permanent sprayed concrete secondary
lining. The difference between the two approaches lies in the assumptions made
about the structural interaction between the concrete and the membrane. The CSL
assumes that a certain degree of adhesion and shear bond exists across the
sprayed concrete-membrane interface. In response to a lack of reliable
parameters to adequately describe this structural interface, the DSL approach was
developed conservatively ignoring any such bond. This difference means the two
lining options behave in very different ways when subjected to the design soil and
water pressures. The DSL option has been used in the design of the Crossrail SCL
tunnels (Pickett 2013). A typical CSL is shown in Figure 1-2 (c). So far, CSL
tunnels have only been adopted in soft ground conditions, the reason of which is

explained in the following section.
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Sacrificial sprayed concrete primary lining
Geotextile & sheet waterproofing membrane
Permanent cast in-situ concrete secondary lining
Permanent sprayed concrete primary lining
Sprayed waterproofing membrane

Permanent sprayed concrete secondary lining

00000

Figure 1-2 Typical longitudinal section of SPL (a), SSL (b) and CSL (c) (Courtesy of
Mott MacDonald)

1.34 Development of composite SCL

Historically speaking, SCL has mostly been used in rock tunnels, where a
relatively thin layer of sprayed concrete primary lining is used together with rock
bolts and reinforcement meshes. The SCL undergoes large deformation after its
application, and thus has been treated only as a temporary structure mostly due
to a concern on its long-term durability. In comparison, a relatively thick sprayed
concrete primary lining is used in soft ground SCL tunnelling to minimise ground
surface settlement (i.e. mobilise less ground strength). This layer of sprayed
concrete lining has recently been considered started to be accepted as a
permanent structure due to improved long-term durability (Thomas and Pickett
2011). This advancement together with the adoption of spray-applied
waterproofing membrane has enabled the conceptualisation of CSL tunnel, which
is developed solely to be used in soft ground. So far there have only a few
example projects for CSL tunnels, all of which are in Europe (Holter and Nermoen,

2011). No literature has been found on CSL tunnel projects in either North
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America or Asia. Therefore, this thesis focuses on CSL tunnel in soft ground, with

a particular interest in the UK.

In order to validate the CSL design approach, thus achieving further lining
thickness design efficiency, the UK tunnelling industry has been asking for the
investigation of composite action for SCL tunnel linings sandwiched by sprayed
waterproofing membrane. In response to this call, a research programme has

been undertaken at the University of Southampton to tackle this urgent issue.

1.4 Challenges and uncertainties in CSL design

Whilst significant conceptual development of CSL has been made, very limited
laboratory testing and numerical modelling has been carried out to investigate
the interface properties and the performance of CSL, preventing the development
of efficient CSL tunnel design. This research aims to address this gap. For CSL
tunnels, there are several outstanding questions of most interest to the tunnelling

industry:
e How does the long-term stress relaxation affect the aforementioned
stiffnesses?
e Which parameters matter, in terms of controlling composite behaviour?
e What affects these controlling parameters?

e (Can these controlling parameters be measured reliably, and what values

are to be expected?
e How can these parameters be used in a full analysis of a CSL tunnel?

e Is the behaviour of a CSL tunnel sensitive to the variation of these

parameters?
e How can the degree of composite action be quantified?

e What is the impact of different interface stiffnesses on the load sharing
between the primary and secondary lining and its lining and interface
capacities?

e Can overall lining thickness reduction be achieved by utilising composite

action?

e Is the interface sufficiently strong to maintain the integrity of CSL under

practical loading?
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Research aims and objectives

To answer the aforementioned questions, the overall aims are:

To examine whether there is composite action in SCL tunnels with

sandwiched sprayed waterproofing membrane;
To identify and assess the factors that may control composite action;

To explore the efficiency and robustness CSL tunnel design.

The objectives of the research are therefore:

To carry out a critical literature review on the membrane interface

properties and the performance of composite SCL tunnels.

To identify the range of key interface parameters and the appropriate

testing methods to obtain these parameters.
To validate the selected testing methods by carrying out laboratory tests.

To determine the interface strength and stiffness parameters in
compression, tension and shear (for a typical spray applied membrane) by

means of laboratory experiments.

To understand the influence of primary lining surface finish (interface
roughness) and measured waterproofing membrane thickness on the short

and long-term interface parameters by means of laboratory experiments.

To assess the repeatability of successfully measuring interface properties

by examining the statistical results of laboratory experiments.

To derive a set of interface parameters that can be used for the full

numerical analysis of a CSL tunnel.

To develop and validate a numerical modelling technique that can then be
used for modelling whole CSL tunnels by simulating the behaviour of

composite SCL beams cut from sprayed test panels.

To develop a method of quantification for the degree of composite action
and carry out a numerical sensitivity study on the impact of interface
parameters on the degree of composite action for composite beams in the

laboratory four-point bending test configuration.

To evaluate the numerical predicted performance of a typical CSL tunnel in
soft ground by comparing its load sharing with the full CSL (i.e. CSL tunnel

with full composite action) and a non CSL (DSL) tunnels with the same

7
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dimensions.

e To understand the impact of varying interface stiffness and primary/
secondary lining thickness ratios on the load sharing between the primary

and secondary linings for the CSL tunnel by means of numerical modelling.
e To evaluate the lining and interface capacities for analysed scenarios.

e To investigate whether a tensile and/or shear bond failures could occur at
the sprayed concrete-membrane interface of a CSL tunnel under the

influence of nearby construction by means of numerical modelling.

1.6 Structure of thesis

The structure of the remaining Chapters of this thesis is as outlined below.
Chapter 2: Background

This Chapter comprises two parts. The first part is a detailed description of the
developments in SCL tunnelling and its design method in soft ground in the UK.
This is to give readers a clear picture of how SCL tunnelling has developed from
the SPL, through the SSL and to the current DSL. The second part is a literature
review, focusing on the laboratory tests on composite element samples
sandwiched by another non-resin based spray applied waterproofing membrane
and a subsequent numerical investigation on the behaviour of composite shell
structures. Following this review, the gap between the current knowledge on the
sprayed concrete-membrane interface properties and the ability to design CSL

tunnels is identified.
Chapter 3: Research methodology and testing plan

This Chapter comprises three parts. The first introduces the research
methodology adopted for this research. The rationale behind the proposed
laboratory testing and numerical modelling is discussed. The second part
describes the preparation of testing panels and samples. The sprayed concrete
mix, variations in primary lining surface finish (interface roughness) and
measured membrane thickness between panels are presented. The third section
details the laboratory testing programme and the procedures to be adopted for
the short and long-term compression, direct tension and direct shear tests on
element samples cut from sprayed concrete panels, both with and without

waterproofing membrane.
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Chapter 4: Presentation and discussion of testing results

The results from the element laboratory tests described in Chapter 3 are
presented and evaluated by comparing with the available literature and standards.
A statistical analysis of test results for samples with various primary lining

surface finishes and measured membrane thicknesses from different tests is
carried out. Interim conclusions regarding test results are made at the end of this

Chapter.
Chapter 5: Calibration of interface parameters

This Chapter firstly presents two rounds of calibrations. The first round
calibration includes laboratory four-point bending tests and corresponding
numerical modelling analyses using software package FLAC2D for both pure
shotcrete and composite beams, from which discrepancies between test results
and numerical analysis are identified. The second round calibration investigates
the discrepancies by undertaking laboratory test on additional pure shotcrete
beams and a steel beam with standard cross section, from which the influence of
the machine compliance was understood. This is followed by laboratory tests and
corresponding numerical modelling analyses on additional composite beams to
verify the modelling approaches and interface parameters. After the verification, a
sensitivity study was carried out investigating the impact of interface parameters
on the degree of composite action for composite beams. A quantification method
for the degree of composite action is proposed and applied to the composite

beams in the sensitivity studies.
Chapter 6: Numerical Modelling of Composite Shell Lined Tunnels

This Chapter firstly describes a numerical modelling exercise for a typical CSL
tunnel in soft ground using the modelling techniques and interface parameters
validated in Chapter 5. The modelling results are presented and compared with
those from a full CSL (i.e. CSL tunnel with full composite action) and a non CSL
(DSL) tunnel with the same dimensions and in the same ground to quantify its
degree of composite action. Subsequently, a series of parametric studies of the
CSL tunnel is carried out to understand the effect of interface properties and the
primary/secondary lining thickness ratios on the load sharing between the
primary and secondary linings. The lining and interface capacities are also

evaluated. Parametric studies, in which the interface stresses are compared with



Chapter 1

the interface strength, are undertaken as a result of nearby construction activities

to find out whether interface debonding or slippage could occur.
Chapter 7: Summary of discussions

This Chapter summarises the research carried out and findings in the context of
verifying the interface parameters, predicting the behaviour of the composite
beam under four-point bending tests, and understanding the performance of CSL

tunnels with differing interface parameters and under different external loads.
Chapter 8: Conclusions and recommendations

This Chapter brings together all the various findings from Chapters two to seven

and identifies opportunities for further research work.

10
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Chapter 2: Literature Review

2.1 Introduction

This Chapter comprises two parts. The first part (Section 2.2) describes how the
design requirements and analysis methods of SCL tunnels have changed with the
development of the lining from a purely temporary to a permanent structure.
Readers are given an insight into how and why SCL tunnels have developed to the

current status.

The second section outlines the findings of existing laboratory tests (Sections 2.3)
on the interface properties of a non-resin based sprayed membrane BASF
MasterSeal 345 and associated numerical modelling (Section 2.4). This part aims
to inform readers of the current knowledge on the sprayed waterproofing

membrane interface and the behaviour of composite shell structures.
2.2 Sprayed concrete lining - the development

2.2.1 SCL as a temporary structure

Until recently, SCL tunnels, consisting of a layer of temporary sprayed primary
lining, a layer of sheet waterproofing membrane and another layer of permanent
cast secondary lining, dominated the market; mainly because of concerns over
safety, watertightness and durability (Lyons et al. 2014, Spyridis et al. 2013). For
the purpose of this thesis, this is called sacrificial primary lined (SPL) tunnel. The
reasons why the SCL was only treated as a temporary structure were twofold:
limitations of both the sprayed concrete technology itself and of the existing SCL

design method. These factors are discussed separately in the following Sections.

2.2.2 Sprayed concrete technology for the temporary SCL

Twenty years ago the desire to achieve early-age strength development and
hence effective ground support meant many other properties had to be
compromised. Consequently SCL was treated only as a temporary structure. The
main concerns at that time from the tunnelling industry about the SCL method

included:

11
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e Low final strength in the long-term due to accelerator dosage (Kusterle
1997)

e Long-term durability issues due to “shadows” behind steel reinforcement
(Thomas 2008)

e Poor quality control due to use of the dry-mix process and manual

spraying (Austin and Robins 1995)

2.2.3 Design method limitations for the temporary SCL

The lack of reliable design methods was another reason why SCL was perceived
only as a temporary structure, especially in soft ground strata, such as London
Clay. Tunnelling used to be an experience-based industry where empirical
methods were widely adopted, such as using the Gaussian curve to predict the
ground surface settlement profile (Peck 1969). However, the empirical methods
for soft ground were mostly based on the assessment of previous local practices

and lacked universal acceptance (ICE 2004).

Closed-form analytical methods were also developed for tunnelling design.
However, most of them are not suitable for SCL tunnels as the complex soil-
structure interaction caused by the multi-step SCL construction sequence could
not be properly modelled. The famous closed-form Curtis-Muir Wood formula
(Muir-Wood 1975, Curtis 1976), originally developed to confirm the design of
segments for the Channel Tunnel project (Curtis 2010), could only be used as a
check for SCL tunnels since it assumes that the lining is installed immediately
after the tunnel is excavated and that full-overburden is applied to the tunnel
lining, leading to an overestimate of the lining stress (BTS 2004). The
convergence-confinement method (Hoek and Brown 1980; Brown et al. 1983),
purposely developed for tunnels constructed in discontinuous media, such as
rock, is not suitable for SCL tunnels in soft ground, which is a continuum media.
For the beam-spring model, the loads to be applied to the lining are evaluated
separately from the spring stiffness, disconnecting the interaction between soil
and structures (ASCE 1984).

Numerical modelling was not considered as a viable design tool for SCL tunnels in
soft ground until the 1990s, mainly due to insufficient computing capacity. The
Heathrow Express Trial Tunnel, the first soft ground SCL tunnel constructed in

London (in 1992), was designed by using finite difference software package

12
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FLAC2D (Deane and Bassett 1995). This project represented the most advanced

design at that time in the UK. The main features were:

A conservative approach using mean and the worst case parameters for

London Clay was adopted due to the absence of prior local projects

A small strain stiffness non-linear isotropic model was used to model the

pre-peak behaviour of London Clay

A strain softening stress-strain relationship was adopted for its post-peak

behaviour

The Hypothetical Modulus of Elasticity (HME) approach was used to model
the early-age sprayed concrete and the 3D tunnel face effect. Despite
some attempts to give it a theoretical basis, the HME is effectively an
empirical correction factor (Thomas 2008) - a very useful one but

theoretical nonetheless.

The success of the Heathrow Express Trial Tunnel gave the industry significant

confidence in building SCL tunnels in soft ground in London. However, the

Heathrow Express project still posed a much bigger challenge to the designers as

it comprised three large-diameter parallel SCL tunnels, in a close proximity under

the terminal building (Van der Berg et al. 2003). There were also cross-passage

connections between these tunnels. There were four major challenges:

Little prior experience of additional loading to the SCL tunnels caused by

compensation grouting (Linney and Essler 1994)

Difficulty in estimating potential building damage due to SCL tunnelling

induced ground movement

Lack of knowledge on the extra loading on the adjacent SCL tunnels

caused by the construction of new SCL tunnels

Scarce data available to estimate the stress concentrations around the

junctions due to the construction of the cross-passages

To ensure safety, designers adopted an extremely conservative approach by

putting a large quantity of reinforcement in the SCL tunnels. For a 9m diameter

platform tunnel, the temporary primary lining consisted of 300mm of sprayed

concrete lining, reinforced by two layers of 8mm diameter mesh and full section

lattice girders, leading to a reinforcement ratio at 0.23%. This quantity of

13
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reinforcement made the spraying very difficult, leading to concerns of quality

control and long-term durability of the lining.

It could be argued that the perception of SCL as only temporary structures was
driven not only by insufficient development of the sprayed concrete technology,
but also by the lack of efficient design methods. As an aside, it should be noted
that, despite the limitations of the design, the causes for the collapse at Heathrow
stemmed from failures in the construction management, particularly quality

control and interpretation of monitoring data (HSE 2000).

2.2.4 Other issues with the temporary SCL

Until the mid-1990s in the UK, most spraying was carried out using the dry mix
method. The high levels of dust generated and the need for tunnel workers to
stand very close to the tunnel face during the spraying operation resulted in
significant health and safety issues (ITA 1996). In addition, the sacrificial nature
of the lining caused serious concerns of material waste, cost inefficiency and

negative environmental impact.

2.2.5 SCL as a permanent structure

Significant efforts have been made by different parts of the tunnelling industry,
including material suppliers, machinery manufacturers, designers and contractors.
To improve the performance of SCL tunnels, several advances have made the use

of SCL as a permanent structure possible:

e The shift in producing SCL from the dry mix process to a wet mix process
substantially improved the quality control, productivity and Health and
Safety benefits (Austin and Robins 1995)

e The adoption of alkali free accelerators enabled rapid setting, improved
early and final strengths, reduced environmental impact and enhanced

safety for tunnel workers (Kusterle 1997)

e The use of fibre reinforcement instead of mesh reinforcement eliminated
the concern of “shadows” (i.e. voids behind reinforcement bars), shortened

construction programme and saved overall cost (Thomas 2008)

e The shift from hand spraying to robotic spraying achieved a shorter

programme and less material waste. It also complies with increasingly

14
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strict Health and Safety laws in the UK (Franzén 1992)

e The use of total stations instead of lattice girders to profile the tunnel
excavation and control the lining thickness has accelerated construction.
This has been demonstrated “in the field” on projects such as Heathrow
Terminal 5 project and Crossrail C510 contract, which also adopted an
inclined “LaserShell” tunnel face, as developed by Morgan Est (Jones et al.
2008, Mar and Eddie 2013)

e The improvement in the quality of sprayed concrete has enabled the
matured sprayed concrete to be treated as normal cast in situ concrete,
with the same long-term strength development, low permeability (in the

order of 102 to 10" m/s) and durability performance (Annett et al. 1997)

Permanent sprayed concrete has been widely accepted in certain sectors - most
notably hydropower projects - and particular countries (e.g. Norway) for many
years. It has only recently gained this acceptance more widely in the world and in
soft ground applications. For soft ground SCL tunnelling in the UK, the latest
design option is called unbonded DSL. This consists of a layer of permanent
sprayed concrete primary lining, a layer of spray applied waterproofing
membrane and a layer of sprayed or cast secondary lining, with no adhesion and
shear bond assumed at the sprayed concrete-membrane interfaces (Mott
MacDonald 2009a, 2013a). This design assumption was made due to the lack of
evidence on the existence of long-term tensile and shear bonds and thus no
bond is assumed across the interface. Steel fibres are used as the main
reinforcement, and no steel bars and meshes are used except at the secondary
lining inverts, large caverns and tunnel junctions (Mott MacDonald 2011, 2012).
Lattice girders are eliminated and the tunnel profile is controlled by the total
station (GE 2013). This design option has been adopted on several landmark

projects, such as A3 Hindhead (Holter and Nermoen 2011) and Crossrail.

2.2.6 Design requirements for the permanent SCL

In the latest design option, the permanent sprayed primary lining is designed to
take any loading that occurs before the installation of the secondary lining
including that of the soil, water and any other pressures, such as surface
surcharge and compensation grouting. The primary lining is assumed to stand up

to a maximum of two years before additional support is installed. This is
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determined by the fact that the stiff clay is assumed to be impermeable within
two years in an undrained short-term analysis. This assumption is consistent with
the work of Wongsaroj et al. (2007) who found that the clay’s permeability should
be in the region of 10 to 10°* m/s to replicate the observed behaviour in the JLE
Green Park field. It is also consistent with Addenbrooke’s (1996) back-analysis of
the running tunnels under the same field which indicated that the ground took

between 10-20 years for most of the movements due to water flow to cease.

In the case of London clay, the long-term increase in soil pressure and surface
surcharge are shared between the two linings and the long-term water pressure

is assumed to apply solely to the secondary lining in a drained long-term analysis.
This is due to the assumption that ground water can always find a way to pass
through the primary lining via cracks or construction joints (Crossrail 2010). This
has been a significant point of contention within the tunnelling industry as to

where the water pressure should apply.

An initial layer of primary lining, normally between 25-75mm, is designed as
sacrificial and disregarded in the long-term design case (Mott MacDonald 2010a).
As it is assumed that the quality of this layer of sprayed concrete will not be as
good as the following layers. Additionally the sacrificial layer is considered to
resist the chemicals in the groundwater, particularly sulphates, which would
cause corrosion to the steel fibres, leading to a reduction in the effective primary
lining thickness in the long-term. The thickness of the sacrificial layer is
determined mainly by the type and density of chemicals in the groundwater.

Arguably 75mm is a quite conservative assumption.

A moderate strength of sprayed concrete should be specified in the design and
used in the construction (Mott MacDonald 2009a). The lower limit of
characteristic cylinder compressive strength for both linings are 28N/mm? at 28
days and 32N/mm? at 90 days respectively, and should exceed a modified J2
curve (Crossrail 2009a) within the first 24 hours, as shown in Figure 2-1. The
sprayed concrete class is explained in Table 2-1. The specification of the lower
limit of compressive strength of sprayed concrete is to guarantee that the lining
would fulfil its functional requirement. Another reason for specifying a sprayed
concrete of moderate strength is to achieve the desired ductile failure mode,
rather than the unfavourable brittle failure mode, which is usually associated with
high strength sprayed concrete (Bernard 2004). Although structural synthetic

fibres are more economic and better in resisting corrosion (Bernard 2008), steel
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fibres have been chosen as the reinforcement mainly due to the better
performance in resisting long-term creep in tension (Bernard 2004). A 50mm fire
proofing sprayed concrete layer mixed with micro synthetic fibres is designed

inside of the secondary lining to reduce the spalling of concrete in a fire situation
(Shuttleworth 2001).
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Figure 2-1 Early strength classes of young shotcrete (Crossrail 2009a)

Table 2-1 Sprayed concrete classes (Austrian sprayed concrete specification
1997)

Sprayed

Concrete Application
Class

Sprayed concrete suitable for the placing of thin layers on a dry
] base without special load bearing requirements to be met
1 during the first hours after placing; it offers the advantages of
low dust formation and rebound.
Sprayed concrete that is required to be placed as quickly as
possible 1n thick layers (including overhead). Additionally,
sprayed concrete can be applied to water bearing ground, and
J 2 sections of lining that are immediately adjacent to construction
operations involving immediate stress and strain changes, such
as new excavations or spiling. In normal tunnel conditions J,
should not be exceeded.
Sprayed concrete for support to highly friable rock or
J 3 excessive ingress of water. Due to the high level of dust and
rebound, this class should only be used in limited areas.

2.2.7 Design methods for the permanent SCL

Since numerical modelling is now widely applied in the design of SCL tunnels, it
can be considered that the way to improve the design depends on the accuracy of

the constitutive models used. There are three main areas where numerical
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modelling results could be improved: the constitutive model for the ground, the
constitutive model for the sprayed concrete, and calibration of modelling

approach.

As previously discussed, the CSL tunnel was developed to be used in soft ground,
the behaviour of which varies significantly in different scenarios (e.g. static vs
dynamic, small strain vs large strain). A realistic model of the ground is an
essential consideration issue for the estimation of the magnitude and distribution
of lining forces and deformations. It is therefore important to first understand the
properties of soft ground including weak rock and soils (Bolton 1991). This
influences the choice of constitutive model and parameters to simulate the soft
ground behaviour for CSL tunnel design using numerical methods. The weak rock
usually can be considered as soil like material due to the weathering effect
(Fuenkajorn 2011). A large number of constitutive models have been proposed
for soils. Two traditional models (i.e. Mohr-Coulomb, Modified Cam Clay) are
supplemented by four further models of different complexity (i.e. isotropic and
anisotropic nonlinear elastic with perfect plasticity, combined isotropic and
kinematic hardening plasticity and hypoplasticity) (Masin and Herle 2005). The
Mohr-Coulomb model is a linear elastic-perfectly plastic model. The basic
parameters include Young’s modulus and Poisson’s ratio for the elastic behaviour
and cohesion, friction angles and dilation angle for plastic behaviour. A simple
non-linear elastic model combined with the Mohr-Coulomb failure criterion using
six parameters can be used for the non-linear behaviour. To model the complex
soil behaviour, additional parameters are introduced into the soil constitutive
model. (Atkinson 2007, Yamamuro and Kaliakin 2005). The selected constitutive
model should be able to simulate the key characteristics of the ground for the

particular question.

London Clay ground conditions are referred to in this research. The higher small-
strain stiffness of London Clay and its degradation with increased strain is very
important for predicting the behaviour of CSL tunnel in London Clay. Therefore,
the selected constitutive model should be able to accurately simulate these
characteristics. Currently, several advanced constitutive models can simulate this
key behaviour, such as the BRICK model (Simpson 1993) and MIT-E3 model
(Whittle and Kavvadas 1994). However, they all require the input of many

parameters, some of which are physically meaningless and difficult to be
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obtained by laboratory tests. However, for tunnelling projects, the parameters

used in the selected constitutive models should be easy to obtain and verify.

Industry and academia have spent significant efforts in collecting field and
laboratory test data to develop constitutive models for ground strata such as
London Clay (Gaspare 2005, Jardine et al. 1984, 1986). It could be argued that
the constitutive models for London Clay have developed to a point where
doubling the time and resource input may only improve the results very slightly.
Hence, it relies on the designers’ judgement to balance the accuracy of the
results with the input resource for the modelling work. It should also be borne in
mind that numerical modelling is just an approximation of reality, and its
accuracy will be affected significantly by variation in workmanship and

uncertainties of the ground (Thomas 2008).

For recent projects a high small strain stiffness non-linear elastic model has been
adopted to simulate the behaviour of London Clay at the strains appropriate to
tunnelling (Atkinson 2000, Addenbrooke 1996, Addenbrooke et al. 1997),
especially for cases where several tunnels are close together. The Tresca and
Mohr-Coulomb failure criteria and an associated plastic flow rule have been
adopted to model the undrained and drained ground behaviour at failure and
beyond. The model and failure criteria are both well known in industry and
academia and backed by significant historical data. Besides, the parameters used
in these models are relatively easy to obtain, and the computing time is modest
compared with that using more sophisticated models. A typical high small strain
stiffness nonlinear model for London Clay, which is called the A* model, is shown
in Figure 2-2. The Figure shows the stiffness of London Clay degrades when its
axial strain increases. The basis for the A* model is outlined in a paper by
Eadington and O'Brien (2011). The benefit of this model is that a very wide range
of ground investigation data, both in situ and laboratory data, can be used to
develop stiffness degradation curves which are representative of in situ behaviour.
Hence, it avoids over reliance on a small number of laboratory tests which may be
affected by the sampling disturbance, which generally becomes more significant
as depth increases. The method is also less reliant on the estimation of mean
effective stress, which itself is subject to subjective interpretation of lateral earth
pressures. More importantly, the A* parameters have been calibrated against a

set of laboratory tests and show a good degree of match.
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Figure 2-2 Typical A* model with variation of stiffness non-linearity of London

Clay used in Crossrail SCL tunnel design (Eadington and O'Brien 2011)

In contrast to the universally accepted design method and criteria for cast in situ
concrete, variations in SCL mix design and workmanship in different countries for
different projects affect the strength and stiffness development significantly.
Tests on sprayed concrete at both early-age and long-term have been carried out,
leading to various stiffness/strength development equations (Thomas 2008).
Therefore, where possible it is best to base the constitutive models on testing
results from a similar, recently completed SCL projects. For Crossrail SCL tunnel
design, an age-dependent strength curve for sprayed concrete was developed
based on the modified J2 curve up to 24 hours (derived from previous SCL
projects) and Chang and Stille approach (1993) thereafter. The stiffness of
sprayed concrete at each age was also derived from Chang and Stille’s stress-
stiffness equation. The data of sprayed concrete stiffness and strength from

Heathrow T5 project and A3 Hindhead were used to check the inputs.

Eurocode 2 (BSI 2004) has defined the compressive strain in the concrete at peak
stress (sc) as 0.2% and ultimate compressive strain (scu) as 0.35%. There is
currently no universally accepted stress-strain relationship for the concrete in the
tension area as the tensile stress is usually very small and hence not taken into
account in the structural analysis. Pure concrete is a brittle material and will only
exhibit a certain degree of ductility in tension with rebar reinforcement or
structural fibres. Therefore, tensile stress-strain relationships for fibre reinforced
sprayed concrete from different standards and design guides should be reviewed

and carefully selected for routine SCL tunnel design.
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2.2.8 Numerical modelling for SCL tunnel design

It is widely acknowledged that 3D modelling is far better than 2D modelling for
SCL tunnels (Thomas 2003, Jones 2007) as the former can model the complicated
construction sequence and three-dimensional stress redistribution around the
tunnel face explicitly. For Crossrail SCL tunnel design, 3D modelling has been
extensively used for compensation grouting and tunnel junction studies, as well
as for tunnels in faulted ground and with irregular shapes (Mott MacDonald 2011,
2012, 2013b). The 3D model and the construction of the Whitechapel junction
enlargement are shown below in Figure 2-3. However, it must be recognised that,
compared with a 2D modelling approach, 3D modelling is very time consuming
and should be used only if it can be seen to improve the accuracy of results

significantly.

Figure 2-3 3D Model (left) and the construction (right) of the Whitechapel

junction enlargement using permanent SCL

Most Crossrail SCL tunnels are still modelled by 2D analysis. Depending on the
time and budget, either complicated coupled consolidation analysis or simply
fully permeable analysis could be carried out for the drained long-term analysis
in a numerical model. In total more than 100 2D primary and secondary lining
sections have been analysed. Extensive calibration studies, including those
against the Jubilee Line Extension (JLE) London Bridge Station, Heathrow T5 and
Kings Cross Station, were carried out at the beginning of design in order to verify
the constitutive models and input parameters for the ground and sprayed
concrete (Mott MacDonald 2010b, 2010c and 2010d). Subsequently, a valid 2D

modelling methodology was formulated and adopted for routine 2D analysis.
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2.3 Sprayed waterproofing membrane

2.3.1 Performance criteria for sprayed waterproofing membrane

Historically, sheet membrane was used for waterproofing purposes, without
providing any other structural functions. It was therefore assumed that all long-
term water loads acted on the sheet membrane and thus to the secondary lining.
It was only very recently that sprayed membrane emerged as a waterproofing
material, with possibilities of providing composite action for the primary and
secondary linings (Dimmock et al. 2011). This section provides background

information about the sprayed membrane.

There are currently two main categories of sprayed waterproofing membrane
systems (Crossrail 2009b):

e Non-resin based systems: Ethylene vinyl acetate powder based products,

where water is added during the spraying process.

e Reactive resin based systems: Methacrylate reactive resins based products.

Crossrail (2009b) introduced and compared three sprayed waterproofing
membrane systems: the Minova UK system, BASF MasterSeal 345, (both non-resin
based systems) and Sterling Lloyd Intergritank HF, a reactive resin based system,
along with sheet waterproofing membrane systems. The curing time for the non-
resin and reactive resin based systems are 48 and 1-2 hours respectively.
Although the reactive resin based systems have a much shorter curing time, there
is a concern that the sprayed secondary lining, which is usually sprayed a few
weeks or even months after the application of sprayed membrane, may not be
able to bond to the reactive resin based waterproofing membrane as it completes
its reaction too fast. Therefore, the non-resin based system is most commonly
used at the moment. The International Tunnelling Association (ITA) has published
guidance for the design of sprayed applied waterproofing membranes (ITA 2013).

This outlines a number of key performance criteria:
e Permeability/water pressure resistance
e Elongation/Crack Bridging
e Bond Strength

e Minimum Thickness
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e Tensile Strength

e Fire Rating

Whilst some benefit may be achieved if sufficient adhesive and shear bond
strengths can be demonstrated permitting composite action between the lining
layers, the existing guidance does not provide a detailed design method for such

a case.

There is also a limitation on the use of sprayed waterproofing membrane: It is not
possible to apply the membrane effectively in areas with active water ingress
through the substrate. Quite low rates of seepage can result in water pressure
developing at the concrete/membrane interface causing it to fail before it has
cured sufficiently to achieve adequate adhesion. Active water should be either
pre-sealed, or managed by drained systems, such as installation of a drainage
fleece (Mott MacDonald 2008).

Since the sprayed membrane TamSeal 800 is non-resin based and is the product
used for this research, the following sections therefore present some laboratory
tests on a similar non-resin based BASF MasterSeal 345 waterproofing membrane.
This includes discussion of the testing methods, procedures and results which

informed the testing plan of this research.

2.3.2 Tests at BASF laboratory

Three point bending tests on small size pure sprayed concrete and composite
beams were carried out according to EN 12390-5:2000 by BASF (BASF 2008).
Nine specimens in total were prepared with dimensions 40x40x120mm. The
specimens were six months old and fully cured when tested; with measured
membrane thickness between 2.5 and 4mm. Specimens were categorized into

three groups and their average stress-strain curves are shown in Figure 2-4.

Whilst the specimens in groups 1 and 2 demonstrate similar maximum flexural
strengths, those in the latter group only deflected half as much as those in the
former. This is probably caused by a more pronounced ‘deep beam’ effect (i.e. a
beam with a small span/depth ratio fails in shear rather than in bending) for
specimens in group 2. The specimens in group 3 exhibit a stiffer response than
those in group 1 for a given loading level. This result is not convincing as the

composite beam should behave ‘softer’ than the pure sprayed concrete beam.
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Figure 2-4 Testing specimen layout and results (courtesy of BASF)

2.3.3 Tests at the Graz University of Technology

Compression and shear tests were carried out using a shear box at the Graz
University of Technology as requested by BASF (Graz 2008). The purpose of these
tests was to understand the response of the sandwiched membrane to the
compressive and shear stresses. Two specimens, both measuring
150x150x150mm, were cut with a diamond saw from panel sprayed by BASF. The
two specimens 00 and 03 had a membrane thickness of 2 and 5 mm and a joint
roughness coefficient JRC) (Barton and Choubey 1977) of 0 and 20 respectively,
as shown in Figure 2-5. The tests were performed using a servo hydraulic MTS
System Corporation direct shear test system. The shear box is shown in Figure
2-6.
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Specimen No. 00 Test 188.1 Specimen No. 03 Test 188.2
Figure 2-5 Two direct shear test specimens with varied membrane thickness and

interface roughness (Graz 2008)

Figure 2-6 Shear Box for direct shear testing (Graz 2008)

In the compression and shear tests, stiffness was examined by applying small
multiple load-unload cycles vertically and horizontally, respectively. The shear
loading loops were applied in both directions. For the direct shear test, a normal
stress of 0.26MPa was applied and shearing was carried out at a constant
horizontal displacement rate of 0.2mm/min. In order to obtain a failure envelope
from one test, infinite vertical stiffness was used in the direct shear tests. The

test results are shown below in Table 2-2 and are discussed in Section 2.3.5.
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Table 2-2 Summary of results from testing of the MasterSeal 345 membrane

undertaken at the Graz University of Technology

Specimen 00 Specimen 03
Membrane thickness 2mm 5mm
Interface roughness Plane saw cut As-sprayed
JRC (Joint Roughness Coefficient) 0 20
Compressive Modulus (first loading) 34.5MPa 32MPa
Compressive Modulus (cyclic loading) 56MPa 40MPa
Shear modulus (cyclical loading) 7.2MPa 17.5MPa
Shear strength 1.01MPa 1.76MPa
Cohesion, ¢ 0.5MPa 1.05MPa
Internal Friction Angle, ¢ 24° 43°

2.3.4 Tests at the University of Innsbruck

In 2003, BASF commissioned the University of Innsbruck to carry out tests on
element samples sandwiched by MasterSeal 345 (Lukas 2003). The mechanical

test plan is shown in Figure 2-7 and the test results are shown in Table 2-3.

Experiments

Bonding system _ Sprayed concrete

Compressive strength Tensile strength Tensile strength

Modulus of elasticity

Adhesive tensile strength

Figure 2-7 Plan for mechanical property tests system (Lukas 2003)
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Table 2-3 Summary of test results for the MasterSeal 345 membrane

Test properties Sample (mm) Result

Compressive Strength - sprayed concrete | @=100 / h=100 40MPa

Compressive Strength - bonding system @ =100 / h=150 24MPa

Modulus of elasticity @ =100/ h=150 45MPa

Adhesive strength of the bonding system | @ =100 / h=150 0.8MPa

Tensile strength of the membrane at 20°C 30x90x3.2 2.6MPa

Elongation of the membrane at 20°C 30x90x3.2 105%

The test results showed that the existence of sandwiched sprayed membrane had
a certain influence on the compressive strength when compared with that of a

pure sprayed concrete cylinder (40% compressive strength reduction).

It is also noteworthy that a description of the information on adhesive strength
testing methodology, which may affect the results, was missing in the report.

Three types of fracture of the tensile samples were outlined in the reports:
e Tensile failure in the sprayed concrete
e Adhesion break between the sprayed concrete and sealing material

e Tensile failure within the sealing material

However, the information about the actual fracture modes for these tensile tests

was missing in the report.

2.3.5 Discussion of MasterSeal 345 membrane test programme

The only test carried out at both Graz University of Technology and the University
of Innsbruck was for the compressive modulus, as shown below in Table 2-4. The
test values showed a certain degree of similarity. However, it is difficult to
compare the results as the membrane thickness, interface roughness (JRC) and
testing procedures were all different. These issues are addressed as shown in
Chapter 4.
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Table 2-4 Comparison of test

results for the compressive modulus

Specimen 00 | Specimen 03 | Panel Result
Membrane thickness 2mm 5mm 3.2mm
Interface roughness Plane saw cut | As-sprayed As-sprayed
JRC 0 20 Not Known
Interface compressive
_ _ 34.5 MPa 32 MPa 45 MPa
Modulus (first loading)

2.4 Numerical modelling of a composite structure

Mott MacDonald was commissioned by BASF to carry out a preliminary numerical
modelling investigation on the impact of sprayed membrane interface stiffness on
the performance of a composite structure, which consisted of two layers of
sprayed concrete linings sandwiched by a layer of sprayed membrane. No
surrounding ground was included in the model. The analysis was carried out
using FLAC3D (Mott MacDonald 2009b).

A series of analyses was carried out on a base model that contained one quarter
of the ring with a longitudinal length of 1m as shown in Figure 2-8. For the
model, the upper boundary in z-y plane, the lower boundary in x-y plane and the
sides of the model were fixed. The average sizes of the blocks are
56x100x60mm for the primary lining and 29x100x51mm for the secondary
lining.

The behaviour of the primary and secondary linings was described by a linear
elastic material model. The concrete grade was assumed to be C40/50 MPa at 28
days. The creep coefficient was taken as 2.0 in accordance with Eurocode 2. The
membrane was defined as an interface between the sprayed concrete layers and,
as shown in Figure 2-9, its shear strength was modelled by the Mohr-Coulomb
failure criterion defined by the interface cohesion and friction angle. The
properties of the interfaces were taken from the back-analysis of direct shear test
data from Graz (2008) as outlined in Section 2.3.3.

In the analyses, a loading of 500kPa effective vertical stress, 1000kPa effective

horizontal stress and 250kPa water pressure was used. The full water pressure
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was applied on the membrane layer, while the loadings derived from soil cover

were applied to the primary lining.
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Figure 2-9 Behaviour of the interface under shear (left) and tension (right) (Mott
MacDonald 2009b)

Eight models were analysed for interface properties between the extreme cases of
no slip, through partial slip to full slip, i.e. from an SSL through CSL to DSL and

the lining displacement results are shown in Figure 2-10. The results show that
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the bigger the shear interface stiffness, the less interface shear displacement (but
higher shear stress). Based on the numerical modelling study, it can be stated
that there is a successful load sharing between the two layers of lining and no

shear failure occurs on the interface, even under extreme loadings.
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Figure 2-10 Lining displacement versus interface shear stiffness (Mott
MacDonald 2009b)

There are several deficiencies in the model and its parameters which limit the
level of confidence which can be placed in the results. Firstly, the input interface
properties obtained from Graz (2008) were not correct as they used the infinite
stiffness test method which overestimated the shear stiffness under normal
loading. Secondly, the report confused the interface properties between the
smooth interface and the rough interface specimens, labelling the smooth
interface properties as latter and vice versa. Thirdly, no consideration was given
to effects of complex soil-structure interaction, stage construction and long-term
ground consolidation. Therefore, it is considered the results of this study lack
credibility and more realistic numerical modelling needs to be carried out which

takes into consideration of these issues.
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2.5 Summary

This Chapter has reviewed key literature on different aspects of SCL tunnelling in

soft ground. The key findings are:

(1) Sprayed concrete lining has developed from a temporary structure to a
permanent structure, with the advances of both material technologies and

design methods.

(2) Substantial knowledge of the behaviour of soft ground and SCL tunnel
lining has been obtained through previous research, which has given the
industry significant confidence in designing and constructing SCL tunnels

in soft ground.

(3) In order to achieve lining efficiency, there is an urgent demand to establish
a sound understanding of sprayed concrete-membrane interface

properties and the behaviour of CSL tunnels in soft ground.

(4) Several independent laboratory tests on the sprayed concrete-membrane
behaviour were carried out at different locations including universities and
industrial laboratories on non-resin based BASF MasterSeal 345. However,
these test results cannot be used directly in the design of CSL tunnels due

to:

a) Insufficient information on the testing methods
b) Insufficient number of long-term testing results
c¢) Lack of verification using other methods

(5) Only one numerical study was found for composite structures, in which
only one quarter of CSL tunnel was modelled without surrounding ground.
The analysis did not take into account soil-structure interaction, sequential
excavation and the complex long-term ground consolidation behaviour
due to the dissipation of excessive pore water pressure around the tunnel.
It therefore does not reflect the true behaviour of CSL tunnels in soft

ground.
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Chapter 3: Research Methodology and
Testing Plan

This Chapter first outlines the adopted research methodology. It then goes on to
describe the sample preparation works, including the spraying process for sample
panels and the specification of testing samples. Thirdly, the testing programme
and procedures for element tests (i.e. uniaxial compression, direct tension and
direct shear tests) are detailed. The testing programme and procedures for beam

tests is introduced in Chapter 5.

3.1 Research methodology

In order to address the gap between the existing knowledge of sprayed concrete-
membrane interface properties and the desire to design CSL tunnels, a research
programme has been undertaken in the Infrastructure Research Division of the
Faculty of Engineering and the Environment at the University of Southampton.

Four stages were planned for this research project, as shown in Figure 3-1.

Literature Review & Critical
interface parameters identified

Stage 1 Chapter2 & 3

N

A4
Laboratory tests on element samples

Stage 2 . y P —>| Chapter 4
to obtain interface parameters

\ 4

Calibration of a numerical composite

Stage 3 beam model to verify the interface —>| Chapter 5

parameters and a modelling approach

Evaluate the impact of variance in
interface parameters and lining
Stage 4 . —>| Chapter 6
& thickness on the performance of a CSL P

tunnel under practical loadings

Figure 3-1 Research methodology flow chart
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3.2 Sample preparations

3.2.1 Sample Panel Spraying

TAM International commissioned SCL contractor ‘Sprayed Concrete’ to produce a
total of 15 panels, from which the test samples were cored and cut. Seven types
of panels were sprayed, as shown in Table 3-1. The number in the brackets in
Table 3-1 is the targeted membrane thickness while the range stated is that of
the actual measured membrane thickness. This discrepancy arises from the
natural variations inherent in this type of application. The main differences
between these panels are their primary lining surface finish and measured
membrane thicknesses. Both are the factors contributing to the interface
properties (Meriam and Kraige 2011) and the effect of which is investigated in
Chapter 4. In Table 3-1, a regulating layer is a thin layer of finer aggregate
materials without structural steel fibres to smooth the ‘as-sprayed’ rough primary
lining surface, creating a better substrate for the sprayed membrane and
preventing the sprayed membrane from being penetrated by protruding steel

fibres.

Table 3-1 Description of panel types and membrane thickness for SCL panels

Panel Type Interface type Membrane Number of panels
No. thickness (mm) produced
1 Smooth 1-4 (3) 2
2 Regulating layer 1-4 (3) 2
3 Rough (as-sprayed) 1-4 (3) 2
4 Smooth 4-12 (6) 2
5 Regulating layer 4-12 (6) 2
6 Rough (as-sprayed) 4-12 (6) 2
7 No interface 0 1

The panels were manufactured over a month as per the spraying sequence
outlined in Table 3-2. After each spray, the boxes were covered with plastic

sheeting to prevent exposure to sunshine or cold air, simulating a realistic
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environment for sprayed concrete curing in the underground. The spraying and
curing were carried out during the summer season between June and September
2011. The weather was as per the seasonal average with daytime temperature
around 20-25 degrees Celsius. The panels were covered by plastic sheets and left
outside in the yard whilst curing. No extremely cold weather was recorded during
this period and the curing was generally recognised as comparable to the real site

conditions in terms of temperature and humidity.

Table 3-2 Dates and actions for spraying SCL test panels

Action No. Spraying Action Date
1 Primary lining 14™ June 2011
2 Regulating layer 16" June 2011
3 1< layer of waterproofing membrane 08" July 2011
4 2" layer of waterproofing membrane 12™ July 2011
5 Secondary lining 14™ July 2011
6 Sample curing and cutting 07" Sep 2011

3.2.2 Primary lining surface finish

Figure 3-2 shows three different types of primary lining surface finished. Figure
3-2 (a) shows an ‘as-sprayed’ surface finish, to which the sprayed membrane can
be applied directly, but the quality and the thickness of the membrane may be
more difficult to regulate, resulting in high consumption of materials. Figure 3-2
(b) shows a surface that has been covered by a layer of regulating layer. Figure
3-2 (c) shows a completely smooth surface finish (i.e. screeded surface), which
creates an ideal substrate for the application of sprayed membrane. However, it
may be impractical to achieve such a finish in large tunnels and would increase

the extent of working at height.
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Figure 3-2 Surface roughness (a) ‘as-sprayed’ rough surface (b) regulated

surface (c) smooth surface

The waterproofing membrane was sprayed in two layers. The first layer, which
included red pigment, is shown in Figure 3-3 (a). This layer was then covered by
a second grey layer as shown in Figure 3-3 (b). Applying the sprayed membrane

in a two pass system offers two key advantages:

(1) the second layer will cover any shrinkage-induced pin holes arising from
the first layer application
(2) a more effective visual inspection is facilitated, helping to ensure complete

membrane coverage

Figure 3-3 The first layer (a) and the second layer (b) of sprayed membrane.

3.2.3 Sprayed concrete mix

The mix specification and design for the primary and secondary linings are shown
below in Table 3-3 and Table 3-4 respectively. The waterproofing membrane
used in the spraying is TamSeal 800 from Tam-Normet and its detailed
information is available from its product method statement (TAM-Normet 2011).
TamShot 80AF accelerator was added at 6% by weight of cement and TamCem60

superplasticiser was also used.
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Once spraying and curing were completed, the panels were cored and cut to
obtain cylinder, block and beam samples. The samples were then transported to

the University of Southampton and stacked and labelled ready for testing.

Table 3-3 Mix specification for primary and secondary lining sprayed concrete

Mix Description Agg Size Cement Target Target
(mm) Type Slump | Strength
20080778 SCL mix 10 CEM1 S3 40MPa

Table 3-4 Mix design for primary and secondary lining sprayed concrete

Materials
Dry Batch Weights kg/m?

Type Source
CEM1 Cemex- Rugby 450
0/4 MP Sand Cemex - Northfleet 1300
4/10 Gravel Cemex - Northfleet 550
Water reducing admixture | Cemex - CP105 (ml) 2250
FREE W/C 0.40

3.2.4 Testing sample dimensions

Testing samples were cut from the 15 panels using a diamond saw in accordance
with the panel spraying and sample cutting plan attached in Appendix A. The
number of each type of sample is given in Table 3-5. Concrete is a complex
material that usually a large number of test samples are needed to determine its
properties. The number of test samples in previous research ranges from
hundreds (Zhang & Morgan 2014) to tens of thousands (Raphael 1984),
depending on the main objective of each research. As aforementioned, the main
objective of this research is not to create a large number of samples and carry out
exhaustive laboratory tests to obtain statistically significant values of interface
parameters. On the contrary, the main objective is to create a certain number of
samples that covers a wide range of interface properties within the practical
range, and understand whether the composite SCL tunnel design is sensitive to

this practical range of interface parameters. Therefore, a limited number of
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samples with wide range of interface properties were created to achieve the main

objective of this research.

The standard dimensions of concrete cylinders for compression testing are
100mm in diameter and 200mm in height, as recommended by the BS EN 12390-
1 (BSI 2000). However, due to the cutting of the uneven top surfaces, the height
of the sprayed concrete cylinder samples generally varied between 180-190mm.
This height difference should only make 2% of difference in test results when
compared with those from samples of standard dimensions (Neville 1995). Due to
the use of automatic spraying machines, the variance in lining thickness can be

controlled within 10% for SCL tunnels with constant cross section.

The targeted dimensions of block and beam samples were 150x150x150mm and
900mmx150mmx150mm respectively. The typical testing samples are shown in

Figure 3-4.

3.2.5 Sample designation

Test samples were designated with two numbers. The first, the Sample Type,
indicates the combination of interface finish and measured membrane thickness
(Table 3-1) and the second the number of the sample within its Type, for
example, Sample 2-6 is the 6th of the Type 2 samples.

Table 3-5 Numbers of testing samples cut from panels

Type No. Number of Cylinders | Number of blocks | Number of Beams
1 8 8 4
2 8 24 4
3 8 8 4
4 8 8 4
5 8 8 4
6 8 8 4
7 9 0 4
In total 57 64 28
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Figure 3-4 Typical Cylinder Sample (a), Block Sample (b) and Beam Sample (c)
3.3 Testing programme for element samples

3.3.1 Testing programme for short-term tests

Tests were carried out on element samples (i.e. cylinder and block) to determine
the short and long-term interface parameters. Beam tests were subsequently
carried out. Their testing methods and configurations are introduced in Chapter 5.
The testing plan flow chart detailing the different short-term tests and desired

interface properties is shown in Figure 3-5.
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Laboratory tests for short-term interface properties

Compression test Direct tension test Direct shear test
Compressive strength Tensile strength for Shear strength for
for sprayed concrete sprayed concrete interface
Compressive modulus Tensile modulus for Shear stiffness for
for sprayed concrete sprayed concrete interface
Compressive strength Tensile strength for
for interface interface
Compressive stiffness Tensile stiffness for
for interface interface

Short-term interface parameters derived
from the tests for numerical modelling

Figure 3-5 Short-term testing plan flow chart

21 short-term uniaxial compression tests and 21 short-term direct tension tests
were planned to be carried out using cylinder samples, with 3 samples from each

of the 7 panel types for each test.

Short-term direct shear tests were carried out under three different normal
stresses, simulating the realistic ground and water pressures experienced by SCL
tunnels in soft ground. Soft ground SCL tunnels are usually 20-40m (axis level)
below the ground surface, leading to long-term full overburden between 400-
800kPa. Historical site monitoring data suggests the loads on the lining could
vary between 30% - 80% of full overburden pressure after one year (Powell, et al.
1997; Jones 2007), with the possibility of further increases. Therefore, three
normal stresses at 250kPa, 500kPa and 750kPa were selected for the direct shear

tests.
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A regulated interface with thin (i.e. 1-4mm) membrane is generally considered a
good compromise between surface finish quality and required working effort. It
has therefore been recommended by both designers and manufacturers and has
been specified in recent major projects, such as Crossrail. Type 2 regulated
interface is therefore considered the main focus of this research and hence a
reduced number of tests were carried out for other interface types under the two
“extreme” normal pressures at 250kPa and 750kPa. The number of tests under
each normal stress is shown in Table 3-6. The extra cylinder and block samples

were kept as back-ups.

Table 3-6 Numbers of short-term direct shear tests planned

Type No. 250kPa normal 500kPa normal 750kPa normal
stress stress stress

1 3 3
2 3 3 3
3 3
4 3 3
5 3 3
6 3
7

In total 12 18 3

3.3.2 Testing programme for long-term tests

The long-term testing plan flow chart is shown in Figure 3-6. The long-term
interface parameters are used as the input for the numerical modelling of CSL

tunnels in Chapter 6.
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Laboratory tests for long-term interface properties

Compression test

Direct tension test

Direct shear test

for interface

Compressive stiffness Tensile stiffness

for interface

Shear stiffness for
interface

Long-term interface parameters derived
from the tests for numerical modelling

Figure 3-6 Long-term testing plan flow chart

Table 3-7 Number of long-term compression and tension tests

Type No. Uniaxial Compression Test Direct Tension Test
1 3 0
2 0 1

* Tests were performed on the same sample

Table 3-8 Description of testing samples for the long-term direct shear test

Type No. 250kPa vertical 500kPa vertical 750kPa vertical
pressure pressure pressure
2 1 1 0

3.4 Testing methods

This Section describes the machinery used during testing, including the

instruments used to measure local displacements. This is followed by an outline

of the testing procedures for both the short and long-term tests.
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3.4.1 Uniaxial Compression Test

The uniaxial compression test was carried out using a DMG servo hydraulic
loading machine with a maximum force of 600kN, as shown in Figure 3-7. The
two steel plates on the lower part of the machine were used for the uniaxial
compression test, whilst the steel grips on the upper part of the machine were
used for the direct tension test. Machine load and stroke were scanned once
every second and recorded automatically by a Vishay 5000 Series data logger. For
each test, three potentiometers were clamped between two aluminium rings so as
to measure the actual shortening of samples over the gauge length, as shown in
Figure 3-8 (the third potentiometer is located behind the pictured sample). The
potentiometers were first calibrated using an electronic length gauge and then

linked to the data logger and scanned once per second.

Upper part of machine:
two sets of grips to clamp
steel rods attached to
samples for direct tension
test

Lower part of machine:
two steel plates to apply
force to samples for
uniaxial compression test

Figure 3-7 DMG servo hydraulic loading machine
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Two potentiometers
clamped to the rings

Two aluminium rings

Figure 3-8 Typical compression test set-up

The distance between the two rings was around 160mm and the exact distance
was measured before each test. The use of potentiometers as a local strain
measurement instrument eliminated the impact of the compliance of the whole

machine from the machine reading.

There were two stages to the short-term test. At the first stage, one sample from
each sample type was loaded in compression up to 10MPa (upper bound cyclic
loading compressive stress for the first loading sample) to obtain the first loading
compressive stiffness. The stress was then reduced to approximately 2MPa (lower
bound cyclic loading compressive stress for the first loading sample) and then
back to 10MPa so as to complete a loading/unloading cycle to obtain its cyclic
loading compressive stiffness and check if there was any hysteresis. Three cycles
were applied in order to obtain an average value of cyclic loading stiffness.
Subsequently, the stress was increased to the stage when the samples started to
fail and the stress started to drop. Usually, SCL tunnels experience loading during
their construction and operation but unloading when an adjacent underground
structure is constructed nearby. Therefore, a cyclic loading test was carried out to
understand if there is any difference between interface stiffnesses during loading

and unloading.

Following the first stage of testing, an understanding was gained of the general
behaviour and compressive strength for each type of sample. In the second stage,
for the second and third samples of each type, the test procedure was almost the
same except the upper and lower bounds of loading/unloading cycle were

adjusted to 50% and 10% respectively of their compressive strength as
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determined by the loading for the first sample. The test stroke rate was kept

constant at 0.01mm/s.

A single Type 1 sample was selected for the long-term compression test. The
sample was loaded to 3MPa, 6MPa and 20MPa respectively. Once the sample was
loaded to its respective stress, the distance between the two steel plates was held
constant, allowing stress relaxation to happen gradually within the sample. Each
long-term compression test was sustained for one week during which the
laboratory temperature was recorded by a temperature probe adjacent to the

sample.

3.4.2 Direct Tension Test

The direct tension test was performed using the same machine and local
displacement measurement instruments as the compression test. Steel plates
were fixed to the end of the samples with epoxy adhesive. These two steel plates
were of the same dimensions (100mm diameter and 20mm thickness) with a steel
rod welded perpendicularly to the centre of each steel plate. The rods were each
clamped tightly by the grips on the machine so as to apply the tensile force to the
sample. The test stroke rate was kept constant at 0.01lmm/s. A typical direct

tension test setup is shown in Figure 3-9.

Only one test was carried out in the long-term testing, on a Type 2 sample, as
interface roughness and membrane thickness had already been found to have
little impact on the tensile stiffness, as discussed in Section 4.5. The sample was
firstly loaded up to 0.5MPa and then the distance between two grips kept
constant, allowing stress relaxation to happen gradually within the sample. It is
understood that SCL tunnels in soft ground are usually between 20-40m (axis
level) below the ground surface, therefore the invert should not be more than
50m below the ground surface. A 0.5MPa tensile stress is therefore sufficient to
test the long-term behaviour of interface when subjected to long-term water
pressure. The long-term tension test lasted for two weeks and the laboratory
temperature was recorded by a temperature probe adjacent to the sample

throughout.
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Rod clamped between
machine grips

Steel plate

Potentiometers
clamped to the rings

Two aluminium rings

Steel plate

Rod clamped between
machine grips

Figure 3-9 Typical direct tension test set-up

3.4.3 Direct Shear Test

The direct shear test was carried out using a Sercomp 7 special hydraulic
controller system with WF large shear box. The shear box has two loading
systems, one for normal (vertical) stress and one for shear (horizontal) stress. The
maximum controllable horizontal shear load is 100kN and the minimum
controllable vertical pressure is 0.025MPa (2.25kN on a 300mm shear box). The
horizontal shear stress rate control is from 0.001MPa/s to 1000MPa/s. The whole
direct shear test system is shown in Figure 3-10. The shear box comprises two
parts. The upper box is fixed stationary to the machine and the lower box pushed
by two hydraulic rams to generate shear stress in the test samples. A loading ring
is positioned between two hydraulic rams to the back of the machine. Six LVDTs
were calibrated and used to record test data. One LVDT was positioned within the
loading ring to record the shear load and another was positioned at the back of
the lower shear box to measure its horizontal displacement. Four LVTDs were
positioned on the four corners of the top cap to measure the vertical dilation
during the test. The normal force applied by the cross beam was recorded by the

machine automatically.
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Because the sample size was smaller than the box size, it was necessary to pack
between the sample and the box in the direction of loading. Provided the stiffness
of the packing material was much greater than the expected stiffness of the
membrane interface in shear, the additional compliance of the test setup as a
result of the packing would not affect the recorded membrane stiffness
significantly. After consideration, timber was selected as the packing material,
mostly due to its wide availability and ease of machining. In order to
accommodate the small variance in sample dimensions, timber wedges in
different thickness were machined and used to restrict the relative movement
between the sprayed concrete layers and respective shear boxes, forcing the
shear stress and displacement to occur at the membrane interface. The Young’s
modulus of timber is around 10GPa, leading to a stiffness for a 150mm combined
length timber wedge of 6.66GPa/m, which is much higher than the first loading

stiffness of the membrane interface, which is between 0.5-1.0GPa/m, as shown

in Table 4-5 on page 71. A diagram of the shearing process is shown in Figure
3-11.

=
=0) 1
EPSRC /

Figure 3-10 Sercomp 7 hydraulic controller system with WF large shear box
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Figure 3-11 Cross-Section of the shearing process

In the short-term testing, once the specified vertical pressure was engaged, the
shear stress started to be applied. The test procedure was similar to previous
tests. The upper and lower bound cyclic loading shear stresses for all the testing
samples were set at 0.7MP and 0.25MPa respectively. The test shear stroke rate

was 0.2mm/min throughout.

Two Type 2 samples were tested in the long-term testing under 250kPa and
500kPa normal pressures. The samples were firstly sheared to 1MPa and then the
shear displacement was kept constant, allowing the stress relaxation to happen

gradually at the interface.

The long-term direct shear test stress of 1MPa was selected because it was
approximately half of the maximum short-term shear interface stress. This would
be of similar magnitude to the design shear strength after the average test results
were factored down appropriately. Each long-term shear test last for two weeks
and the laboratory temperature was recorded throughout by a temperature probe

adjacent to the shear box.

3.5 Post-processing and presentation of results

Test results are presented in stress-deformation format using the following
relationships, to indicate interface stiffness and failure stress and how they are

influenced by interface roughness and membrane thickness.
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op, =F /A Equation 3-1
os = F/A Equation 3-2
K = 0,/6, Equation 3-3
K = o5/8s Equation 3-4
Where:

F. Applied normal load
F: Applied shear load

A: Loading area

o,: Applied normal stress

o Applied shear stress

8,. Interface deformation in the normal direction

8 Interface deformation in the shear (tangential) direction
K : Interface compressive/tensile stiffness

K: Interface shear stiffness

The direct shear tests measured the shear displacements externally, which were
affected by the compliance of the testing machine and the rotation of the shear
samples during the test. In order to compensate these impacts, the raw cyclic
loading shear stiffness data was adjusted - this is reported in Chapter 4 and used

in Chapter 5 for the calibration of the composite beam models.

The post-processing of the raw cyclic loading shear stiffness data is described

with an example in Appendix B.
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Chapter 4
Chapter 4: Interpretation and Discussion of

Element Test Results

4.1 Introduction

This Chapter first presents the short-term test results from the uniaxial
compression tests, direct tension tests and direct shear tests for sprayed concrete
samples with and without sandwiched membrane. The influence of interface
roughness and measured membrane thickness are discussed for each type of test.
Relationships between peak stress, first and cyclic loading stiffnesses, measured
membrane thickness and the type of interface are proposed. Results from the
three long-term relaxation tests on composite samples are then presented and
the relationship between relaxation percentage and time for each type of test is
proposed. A summary of the results is presented at the end of this chapter. All
test samples were more than 90 days old when tested. All membrane thickness
discussed in this and the following Chapters is measured thickness. For pure
sprayed concrete samples, the strain was calculated over the gauge length. For
composite samples, the strain was calculated over the measured membrane

thickness.

4.2 Short-term compression tests on pure sprayed

concrete cylinder samples

4.2.1 Test results for pure sprayed concrete samples

Uniaxial compression tests for three pure sprayed concrete cylinder samples were
carried out to examine the response of sprayed concrete in compression. All
samples were cyclically loaded three times between 5-20MPa and then loaded up
to the failure stage. The test showed that all three samples failed in transverse
tension, demonstrated by cracks developing vertically, as shown in Figure 4-1,
fulfilling the requirement for a satisfactory failure given in the BS EN 12390-3 (BSI
2009).

The stress-strain relationships for three samples are shown below in Figure 4-2.

The compressive strengths obtained for the three samples were 39MPa, 38MPa
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and 37MPa respectively. The proportional limit was reached at about 80% of their
respective compressive strengths with the secant modulus of elasticity before the
proportional limit around 20-22GPa. The compressive strains at peak stress were

between 0.18%-0.25% and there was no hysteresis during the cyclic loading.

Figure 4-1 Typical failure mode under compression test
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Figure 4-2 Stress-strain relationships for pure sprayed concrete cylinder samples

under uniaxial compression
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4.2.2 Evaluation of test results

The test results were compared with properties of cast in situ concrete in
Eurocode 2 (BSI 2004) and sprayed concrete in RILEM code (RILEM 2003). The
mean value of compressive strength for three samples was approximately 38MPa,
with a standard deviation of 1MPa. If they were cast in situ concrete samples,
based on the Table 3-1 in Eurocode 2 (BSI 2004), the corresponding secant
modulus of elasticity would be around 33GPa, significantly higher than the test
results of between 20-22GPa, and the associated proportional limit would be only

40%, much lower than the test results at 80%.

The compressive strain at peak stress for the sprayed concrete samples was
between 0.18%-0.25%, close to the EC 2 specified range between 0.175%-0.22%.
Eurocode 2 has only specified the ultimate compressive strain of 0.35% for a
cross section under bending. For a cross section subjected to pure axial
compression, the ultimate compressive strain should be limited to 0.2%, as
specified by the RILEM code. All three samples achieved 35MPa compressive
strength at the strain 0.2% with little variance, demonstrating consistency in test

results.

The discrepancies in material response in compression between the sprayed
concrete samples and expected behaviour of cast in situ concrete may be
attributed to the different respective aggregate sizes. The larger aggregates used
in typical cast in situ concrete may result in a higher compressive modulus
(Neville 1995). On the other hand, the rounder and smaller aggregates used in
typical sprayed concrete mixes lead to a lower concentration of stress at the
aggregate/cement interface, thus postponing crack formation to a much later
stage. This enables the sprayed concrete to perform elastically to a higher level of

its compressive strength.

Based on the comparisons between the sprayed and cast in situ concrete
properties, it is considered that the test results obtained from the uniaxial
compression test are reasonable and can be used as a basis for the following

investigation.
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4.3 Short-term compression on composite cylinder

samples

4.3.1 Testing overview

Compression tests were carried out to investigate the interface response in
compression, especially the impact of interface roughness and measured
membrane thickness. In line with the testing plan, a total of 18 samples were due
to be tested, with 3 samples from each panel Type 1 to 6. In reality, only 17
samples were tested - a single Type 4 sample was omitted due to damage
sustained prior to testing. It is noted that the Type 1 to 3 samples are of thin
membrane interface with measured membrane thickness between 1-4mm. The
Type 4 to 6 samples are of thick membrane interface with measured membrane

thickness between 4-12mm.

4.3.2 Compressive interface stress-deformation relationships

Interface stress-deformation graphs for samples with thin (Type 1 to 3) and thick

(Type 4 to 6) membranes are shown in Figure 4-3 and Figure 4-4 respectively.

The peak compressive stress of five out of six Type 1 & 2 interfaces was between
35-40MPa. Only one interface, 2-1, showed a lower peak compressive stress and

lower corresponding strain, possibly due to defects inside the sample.

The peak compressive stress for all three Type 3 interfaces was much lower,
between 14-25MPa. For thick membrane interfaces, the large variance in
membrane thickness and difference in interface roughness had significant impact
on the peak compressive stress of each interface. The peak compressive stress
for three out of eight interfaces was between 20-25MPa while the other five

interfaces were in the range of 12-17MPa.

Figure 4-3 and Figure 4-4 show that all interfaces failed in a brittle manner after
reaching their peak stresses. There was no obvious increase in cyclic stiffness
with increase in stress level. Numerical data and statistical analysis are presented

in Table 4-1 and Table 4-2 respectively.
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Figure 4-3 Thin membrane interface behaviour under uniaxial compression tests
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Figure 4-4 Thick membrane interface behaviour under uniaxial compression test
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Table 4-1 Uniaxial compression test results

Interface Membrane Peak Stress First loading Cyclic loading
Number thickness (mm) (MPa) stiffness (GPa/m) | stiffness (GPa/m)

1-2 2.0 38 11.5 63.8

1-3 2.5 38 11.6 62.5

1-4 3.0 37 13.6 78.4

2-1 3.0 32 27.8 57.9

2-2 2.5 39 15.6 66.6

2-3 2.5 38 13.8 71.6

3-2 4.0 20 8.7 77.2

3-3 3.5 14 5.5 29.4

3-4 4.0 24 8.1 70.1

4-2 9.5 17 2.6 333

4-3 9.0 24 3.3 31.4

5-1 12.0 20 2.2 21.2

5-2 11.5 13 2.3 30.8

5-3 9.0 15 2.9 33.5

6-1 6.0 24 7.0 81.1

6-2 8.5 12 2.8 39.5

6-3 6.5 17 4.3 63.7

Table 4-2 Statistical analysis of uniaxial compression test results

Peak stress First loading stiffness Cyclic loading stiffness

Interface Standard Mean Standard Mean Standard

Type Mean deviation deviation deviation

(MPa) (MPa) (GPa/m) (GPa/m) | (GPa/m) | (GPa/m)
Type 1 37.7 0.6 12.2 1.2 68.2 8.8
Type 2 | 36.3 3.8 19.1° 7.6° 65.4 6.9
Type 3 19.3 5.0 7.4 1.7 58.9 25.8
Type 4 | 20.5 4.9 2.9 0.5 32.4 1.4
Type 5 16.0 3.6 2.4 0.4 28.5 6.5
Type 6 | 17.7 6.0 4.7 2.1 61.5 20.9

*Mean and standard deviation of first loading stiffness become 14.7 GPa/m and 0.8

GPa/m respectively if Interface 2-1 is excluded
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433 Peak compressive stress
The relationship between peak compressive stress, measured membrane

thickness and the type of interface roughness is shown in Figure 4-5, suggesting
that:

(1) Smooth and regulated interface have similar impact on the peak stress

(2) As-sprayed rough interface reduces the peak compressive stress significantly

(approximately 50%) for thin membrane interfaces (Type 3)

(3) Thick membrane thickness reduces the compressive peak stress significantly
(approximately 50%) and the influence of interface roughness becomes less

important (Types 4 to 6)

45
40
i AR r
30
25
20 X
15 A X
10
5
0

Peak compressive stress (MPa)

o 1 2 3 4 5 6 7 8 9 10 11 12 13

Membrane thickness (mm)
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X Type 4 interface X Type 5 interface X Type 6 interface

Figure 4-5 Relationship between peak compressive stress, membrane thickness

and type of interface

43.4 First and cyclic loading compressive stiffnesses

The relationship between first loading compressive stiffness, membrane
thickness and type of interface is shown in Figure 4-6. The first loading stiffness
increases with reduced membrane thickness and reduced interface roughness,
over the range 2GPa/m to 16GPa approximately (excluding the outlier interface
2-1). The relationship between cyclic loading compressive stiffness, membrane

thickness and type of interface is shown in Figure 4-7. The cyclic loading
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stiffness increases with reduced membrane thickness, over the range 20GPa/m to
80GPa/m, but is little affected by the interface roughness. The conclusions are

very similar to those for compressive peak stress.
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Figure 4-6 Relationship between first loading compressive stiffness, membrane

thickness and type of interface
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Figure 4-7 Relationship between cyclic loading compressive stiffness, membrane

thickness and type of interface
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4.3.5 Compressive strain at peak compressive stress

The compressive strain at peak compressive stress is generally between 30% and
50% of measured membrane thickness, with two outliers at 60% and 20%
respectively, as shown in Figure 4-8. No clear trend was found between the

strain, membrane thickness and type of interface.

As this research focuses on shallow SCL tunnels in soft ground, the distance
between the ground surface and the invert level of tunnel should be no more than
50m. Assuming the ground is fully saturated with a density of 20x10° kg/m?, the
combined vertical ground and water pressure at 50m depth should be 1.0MPa
without taking account of any surcharge. Assuming the interface was over-
sprayed with 12mm thick membrane, the first loading stiffness from the tests has
been found to be 2.2GPa/m. Therefore, when the full overburden is applied to the
extrados of primary lining, an interface deformation of approximately 0.5mm and
a compressive strain of about 4% would be expected. This is well below the
lowest test result of 20%, therefore failure in compression would not be expected

to occur at the sprayed concrete-membrane interface.
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Figure 4-8 Relationship between compressive strain at peak compressive stress

and membrane thickness and type of interface
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4.3.6 Observed failure modes in compression tests

All compressive interfaces failed in transverse tension, with vertical cracks formed
either side of the membrane, as shown in Figure 4-9. For interfaces with a thick
membrane application, a significant quantity of membrane was squeezed out at
failure, pulling some of the surface concrete away with it (Figure 4-9b). This
horizontal deformation of the membrane is likely to have induced horizontal

tensile strain at the interface and thus explaining why interface Types 4 to 6

interfaces failed at lower stress levels.

Figure 4-9 Typical compressive failure modes for (a) thin membrane interface (b)

thick membrane interface
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4.4 Short-term tension tests on pure sprayed concrete

cylinder samples

44.1 Test results for pure sprayed concrete samples

Direct tension tests for three pure sprayed concrete cylinder samples were carried
out to verify the response of sprayed concrete in tension. It was observed that all
samples failed with cracks developing horizontally through the cross section, as
shown in Figure 4-10, which is the expected failure mode for samples under
direct tension. The splitting surfaces after failure were not perfectly flat, probably
due to the existence of aggregate in different positions and orientations. The
stress-strain relationships for three samples are shown below in Figure 4-11.The
tensile strengths for the three samples were 1.95MPa, 1.4MPa and 1.57MPa
respectively. The proportional limit was approximately up to 1MPa for all samples
with the secant modulus of elasticity ranging from 15-25GPa. This variation is
mainly attributed to the difficulty in aligning the test samples perfectly vertical in
the machine. The tensile strains at peak stress varied from 60-160 microstrain
(10°° strain) of the gauge length and there was no obvious hysteresis during the

cyclic loading.

Conventionally, the tensile strength of concrete is obtained using the tensile
splitting method or evaluated from the flexural tensile strength (Neville 1995).
Although the direct tension test method is thought to be the best method to
evaluate the tensile strength, no guidance on its use is currently available in
British Standards or Eurocodes due to the difficulty in its execution. It is
understood from testing that the determining factor for achieving correct tensile
strength is the verticality of the samples in the test, enabling the tensile stress to

transfer through the sample cross section uniformly.

4.4.2 Evaluation of test results

The tensile strains of the gauge length at peak stress for sprayed concrete
samples were between 60-160 microstrain, smaller than the test results of 200
microstrain from Guo and Zhang (1987) and closer to the RILEM (2003) and

Eurocode 2 (BSI 2004) recommended value of 100 microstrain.
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The test shows that the verticality between the top and bottom steel plates is very
important. Samples 7-5 and 7-6, both of which were in good verticality, achieved
higher tensile modulus (25GPa), very close to the compressive modulus presented
in previous sections, whilst sample 7-7 showed a “softer” response in tension
(15GPa). Therefore, the test results from Samples 7-5 and 7-6 are therefore

considered reasonable and can be used as a basis for the following investigation.

Figure 4-10 Typical failure mode under direct tension tests
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=
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Tensile stress (MPa)
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Tensile strain
——Sample 7-5 ——Sample 7-6 ——Sample 7-7

Figure 4-11 Stress-strain relationship for pure sprayed concrete cylinder

samples under direct tension test

62



Chapter 4

4.5 Short-term tension tests on composite cylinder

samples

4.5.1 Testing overview

Direct tension tests were carried out to investigate the interface response in
tension, especially the impact of interface roughness and measured membrane
thickness. In line with the testing plan, 18 tests were planned to be carried out on
3 samples from each type for Type 1 to 6. However, only 16 samples were
actually tested, with tests omitted for one Type 3 and one Type 6 sample due to

damage sustained prior to testing.

4.5.2 Tensile interface stress-deformation relationships

Interface stress-deformation graphs for samples with thin (Type 1 to 3) and thick

(Type 4 to 6) membranes are shown in Figure 4-12 and Figure 4-13 respectively.

Thin membrane interfaces, with the exception of 1-6, failed in a ductile manner
with stress plateaus over the displacement range 0.1-1.0mm. Even at a tensile
displacement deformation of 0.8mm, all other seven interfaces were still able to
sustain stress above 0.5MPa, which is the maximum pore water pressure a
shallow SCL tunnel is likely to experience. Interface 1-6 failed in a brittle manner,
the reason for which is unclear. However, it still achieved a tensile strength of
0.8MPa.

Post-peak performance of thick membrane interfaces is similar to the thin
membrane, with seven out of eight interfaces able to sustain 0.4MPa tensile
stress at a tensile deformation of 1.5mm with the remaining interface able to
sustain 0.3MPa. The post-peak ductile behaviour of both thin and thick
membrane interfaces gives confidence to designers because water pressure is
more likely to be confined to a small area if it permeates through cracks in the
primary lining and reaches the membrane. Numerical data and statistical analysis

are presented in Table 4-3 and Table 4-4 respectively.
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Figure 4-12 Thin membrane interface behaviour under direct tension test
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Figure 4-13 Thick membrane interface behaviour under direct tension test

64



Chapter 4

Table 4-3 Direct tension test results

Interface Membrane Peak stress First loading Cyclic loading
number | thickness (mm) (MPa) stiffness (GPa/m) stiffness (GPa/m)

1-5 2.0 0.93 10.6 12.1

1-6 2.0 0.80 14.6 46.8

1-7 2.5 0.75 20.4 37.9

2-5 1.0 0.98 59.3 46.2

2-6 1.0 1.13 111.6 100.1

2-7 2.5 1.07 219.1 57.8

3-5 3.0 1.12 399.1 104.0

3-7 3.0 0.88 42.0 43.1

4-5 7.5 1.03 15.0 21.2

4-6 8.0 0.75 7.4 19.0

4-7 8.0 0.93 18.2 37.0

5-5 10.0 0.86 3.4 7.9

5-6 8.0 1.00 7.6 13.1

5-7 9.0 0.80 7.8 13.3

6-6 4.5 0.94 34.7 53.6

6-7 6.0 1.04 34.3 52.6

Table 4-4 Statistical analysis of direct tension test results

Peak stress First loading stiffness Cyclic loading stiffness

'n'fl?;;ice Mean Standard Mean Standard Mean Standard

(MPa) deviation (GPa/m) deviation (GPa/m) deviation

(MPa) (GPa/m) (GPa/m)
Type 1 0.83 0.09 15.2 4.9 32.3 18.0
Type 2 1.06 0.08 130.0 81.5 68.0 28.4
Type 3 0.96 0.17 220.6 252.5 73.5 43.1
Type 4 0.90 0.14 13.5 5.5 25.7 9.8
Type 5 0.89 0.10 6.3 2.5 11.4 3.1
Type 6 0.99 0.07 34.5 0.3 53.1 0.7

4.5.3 Peak tensile stress

The relationships between peak tensile stress, measured membrane thickness
and type of interface are shown in Figure 4-14. It shows peak tensile stress for all

interfaces exceeded 0.75MPa, greater than the maximum hydrostatic water
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pressure a 50m deep SCL tunnel could experience. Therefore, no interface

debonding should occur due to water pressure alone.

The mean peak tensile stress for Type 2 interfaces was higher than for Type 1
and 3 interfaces, whilst the standard deviation of peak tensile stress for Type 2
interfaces was smaller than for Type 1 and 3 interfaces. Figure 4-14 also shows
the membrane thickness and interface roughness do not change the interface

peak tensile stress significantly.
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Figure 4-14 Relationship between peak tensile stress, membrane thickness and

type of interface

4.5.4 First and cyclic loading tensile stiffnesses

The relationship between first loading tensile stiffness, membrane thickness and
type of interface is shown in Figure 4-15. It shows that with the exception of
three outliers (interfaces 2-6, 2-7 and 3-5), first loading stiffness for all
interfaces was below 60GPa/m, mostly between 10-40GPa/m and reducing with
increased membrane thickness. The very high first loading stiffness for the three
outliers was probably caused by imperfect vertical alignment of test samples as

well as the very thin membrane thickness (between 1-3mm).

The relationship between cyclic loading tensile stiffness, membrane thickness and
type of interface is shown in Figure 4-16. It shows that except for two outliers

(interfaces 2-6 and 3-5), the cyclic loading stiffness for all interfaces was below
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60GPa/m, very similar to the first loading stiffness, and again reducing with

increased membrane thickness.
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Figure 4-15 Relationship between first loading tensile stiffness, membrane

thickness and type of interface (Interfaces 2-7 and 3-5 not shown)
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Figure 4-16 Relationship between cyclic loading tensile stiffness, membrane

thickness and type of interface
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4.5.5 Tensile strain at peak tensile stress

The tensile strain of measured membrane thickness at peak tensile stress was
generally between 5% and 10% with three outliers between 15% and 30%. No clear
trend was found between the strain, membrane thickness and type of interface,

as shown in Figure 4-17.
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Figure 4-17 Relationship between compressive strain at peak compressive stress

and membrane thickness and type of interface

4.5.6 Observed failure modes in tension tests

The typical failure mode for interfaces under direct tension was debonding
between the sprayed concrete and membrane. Neither tensile failure of the
sprayed concrete nor the membrane was observed as their tensile strengths are
both above the interface tensile strength of between 0.75-1.15MPa. A very thin
layer of mixed membrane and cement material was normally observed on the
sprayed concrete interface after the debonding with either primary lining (red

membrane) or secondary lining (grey membrane) as shown in Figure 4-18.

For Type 2 and Type 5 regulated interface finishes, debonding of the membrane
occurred at the interface with the secondary sprayed concrete layer, suggesting
the chemical bond strength between the membrane and regulating layer is higher
than the mechanical bond between the membrane and secondary lining. For other

types of interface, there was equal probability the membrane debonding from

68



Chapter 4

either the primary or secondary linings, suggesting similar chemical and
mechanical bond strengths between the membrane and the primary and

secondary linings respectively. Typical debonded surfaces of primary and

secondary layers are shown in Figure 4-19.

Figure 4-18 Organic/inorganic bond of membrane left on the interface

Figure 4-19 Different types of samples with debonded interfaces
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4.6 Short-term shear tests under 500kPa normal pressure

4.6.1 Testing overview

Direct shear tests with 500kPa normal pressure were carried out to investigate

the impact of interface roughness and membrane thickness on interface response.
In line with the testing plan, 18 tests were due to be carried out on 3 samples
from each type for Types 1 to 6. However, the cyclic test was not carried out for

interface 2-21 as it was the first trial sample.

4.6.2 Shear interface stress-deformation relationships

Thin and thick membrane interface behaviours under direct shear with 500kPa
normal pressure are shown in Figure 4-20 and Figure 4-21 respectively. For thin
membrane interfaces, peak shear stress occurred at a displacement of 8-10 mm
and all interfaces failed in a ductile mode. For thick membrane interfaces, the
peak shear strength occurred at 10-15 mm displacement and also exhibited
ductile failure, with a stress plateau sustained for an additional 5-7mm of shear

displacement.
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Figure 4-20 Thin membrane interface behaviour under direct shear test with

500kPa normal pressure
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Figure 4-21 Thick membrane interface behaviour under direct shear test with

4.6.3

500kPa normal pressure

Peak shear stress

Numerical test results and statistical analysis are presented in Table 4-5 and

Table 4-6 respectively. Table 4-6 suggests that, for thin membrane samples,

peak stress increases with interface roughness. Whilst the magnitude of the peak

stress is generally lower for thicker membrane samples, the same interface

roughness effect is observed.

Table 4-5 Direct shear test results under 500kPa normal pressure

Peak Shear , , Cyclic
Membrane . First loading .
Interface . shear displacement : loading
thickness stiffness s
number (mm) stress at peak stress (GPa/m) stiffness
(MPa) (mm) (GPa/m)
1-21 3.0 2.64 9.8 0.58 4.07
1-22 4.0 2.29 8.8 0.50 2.05
1-23 3.0 2.44 9.5 0.82 4.95
2-21 4.0 2.35 10.0 0.74 N/A
2-22 4.0 3.12 8.6 0.69 3.70
2-23 4.0 2.80 10.3 0.51 5.51
3-21 3.0 3.41 9.6 1.01 7.70
3-22 4.0 2.28 14.2 0.93 2.96
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3-23 3.0 3.04 10.6 1.05 5.48
4-21 6.0 2.12 12.5 0.73 1.97
4-22 5.0 2.24 14.1 0.48 2.78
4-23 5.0 2.07 10.2 0.98 1.85
5-21 6.0 2.20 12.7 0.01 1.28
5-22 8.0 2.36 13.2 0.38 1.82
5-23 8.0 2.20 13.0 0.52 1.74
6-21 8.0 2.18 15.0 0.59 1.41
6-22 8.0 1.94 9.4 0.62 1.56
6-23 9.0 2.64 14.4 0.58 2.96

Table 4-6 Statistical analysis of direct shear test results under 500kPa normal

pressure

Peak shear stress First loading stiffness Cyclic loading stiffness
"ype | Mean [ Soneere | wean [ Sonderd | wean [ Sonee

(MPa) Mpay | (CP/M) 1 Gpajm) | (GPa/m) (GPa/m)
Type 1 2.46 0.18 0.64 0.17 3.69 1.49
Type 2 2.76 0.39 0.65 0.12 4.61° 1.28
Type 3 2.91 0.57 1.00 0.06 5.38 2.37
Type 4 2.14 0.09 0.73 0.25 2.20 0.50
Type 5 2.26 0.09 0.50 0.12 1.61 0.29
Type 6 2.25 0.36 0.59 0.02 1.98 0.85

* Mean cyclic loading stiffness based on two test results

4.6.4

First and cyclic loading shear stiffnesses

The relationships between first and cyclic loading shear stiffness, membrane

thickness and type of interface under 500kPa normal pressure are shown in

Figure 4-22 and Figure 4-23 respectively. For thin membrane interfaces, mean
first loading stiffnesses for Types 1 and 2 were smaller than for Type 3. For thick
membrane interfaces, mean first loading stiffness for Type 4 was bigger than for
Types 5 and 6, possibly due to the thicker measured membrane thickness for the
latter two interface types. The same trend was also observed for cyclic loading

stiffness values for thick membrane samples.
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Figure 4-22 Relationship between first loading shear stiffness, membrane
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Figure 4-23 Relationship between cyclic loading shear stiffness, membrane
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4.6.5 Shear displacement at peak shear stress
Figure 4-24 shows that the shear displacement at peak shear stress generally

increases with the membrane thickness, demonstrating the thicker the membrane,

the greater deformation the interface is able to sustain.
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Figure 4-24 Relationship between shear strain at peak shear stress and
membrane thickness and type of interface under 500kPa normal

pressure

4.6.6 Observed failure modes in shear tests

A number of varying failure modes were observed in the testing samples. For
those with smooth or regulated interface finishes and a thin membrane
application, the membrane slid along one interface (with no preference as to
which one). For samples with smooth or regulated interface finishes and a thick
membrane application, the membrane slid along one interface in some cases, as
shown in Figure 4-25 (a), or sheared with cracks in the membrane in others, as
shown in Figure 4-25 (b). Samples with a rough as-sprayed interface typically
demonstrated a mixed failure mode, sliding over the relatively smooth part of the
interfaces and shearing within the membrane at the rougher parts, as shown in
Figure 4-25 (c) & (d).
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For samples with smooth or regulated interface finishes and a thin membrane,
the interface always failed at the interface itself (i.e. the membrane slid along one
interface). For samples with a rough as-sprayed interface, a mixed failure mode
was observed. In the relatively smooth parts of the interfaces, the “sliding over”
failure mode was identified, whilst in the “rougher” sections shearing with the
membrane itself occurred. This suggests that the dominating failure mode is that
of the interface and not that of the material. The shearing within the membrane
can be considered a “by-product” of the interface failure. Based on this, it is
possible that, for samples such as Figure 4-25b, the membrane cohesive failure

was a “by-product” of an interface failure which occurred within the membrane

and cannot be seen from the outside of the test sample.

Figure 4-25 Typical failure modes under direct shear test (a) interface failure (b)

membrane cohesive failure (c) & (d) mixed failure

4.7 Comparison of the Type 2 interface test results under

different normal pressures

Direct shear tests with 250kPa and 750kPa normal pressure were also carried out
and the results are presented in Appendix C. This section compares the
behaviour of the Type 2 regulated interface under three different normal

pressures. Test results and their statistical analysis are presented in Table 4-7
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and Table 4-8 respectively. There is no certain trend of the shear displacement at

peak shear stress for Type 2 interfaces.

Table 4-7 Direct shear test results for Type 2 interfaces under different normal

pressures
Normal | Membrane Peak Shear First Cyclic
Interface ressure | thickness shear | displacement loading loading
number | P (kPa) (mm) stress at peak stiffness stiffness
(MPa) stress (mm) (GPa/m) (GPa/m)
2-21 500 4.0 2.35 10.0 0.74 N/A
2-22 500 4.0 3.12 8.6 0.69 3.70
2-23 500 4.0 2.80 10.3 0.51 5.51
2-24 250 3.0 2.56 13.1 0.65 12.29
2-25 250 3.0 2.57 15.7 0.47 14.68
2-26 250 3.0 2.21 16.7 0.56 6.55
2-27 750 3.0 3.35 13.2 0.48 3.93
2-28 750 3.0 2.93 11.6 0.59 5.42
2-29 750 3.0 2.73 13.0 0.61 3.80

Table 4-8 Statistical analysis of direct shear test results for Type 2 interfaces

under different normal pressures

Normal Peak shear stress First loading stiffness | Cyclic loading stiffness

pressure | Mean | G IE | Mean | GIEED | mean | OO
(kPa) | Py | oy | GPa/m) | Sl B | GPaymy | SRR
250 2.45 0.21 0.56 0.09 11.17 4.18
500 2.76 0.39 0.65 0.12 4.61* 1.28
750 3.00 0.32 0.56 0.07 4.38 0.90

* Cyclic loading stiffness based on two test results

4.7.1 Peak shear stress

Figure 4-26 shows the peak shear stresses for Type 2 interfaces increase with
different normal pressures, in a manner typical of Coulomb's friction hypothesis.
There are two key parameters in this hypothesis. The first parameter, cohesion,
can be explained by the chemical bond between the sprayed membrane and the
two layers of lining. The second parameter, friction angle, can be explained as the
ratio of mechanical friction of the two undulated concrete lining surfaces and the
normal pressure applying to the samples. The thickness of the membrane is of a

similar length scale to the undulations in the interface profiles in many cases,
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either locally in the case of the rough interface, or over longer length scales for
the smoother interface. As the two pieces of concrete linings within one
composite sample try to shear past each other under normal pressure, there is a
certain degree of interlock between the two undulated concrete lining surfaces
through the membrane. This mechanical interlock can be modelled as friction.
Therefore, this behaviour can be numerically described by an effective cohesion

and friction angle model, which were calculated as 2.17MPa and 48° respectively.
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Figure 4-26 Peak shear stresses for Type 2 interfaces under different normal

pressures

4.7.2 First and cyclic loading shear stiffnesses

Figure 4-27 shows the normal pressure has little impact on the first loading

stiffness for Type 2 interface, with an average value approximately at 0.6GPa/m.

Figure 4-28 shows that the cyclic loading stiffness for samples subjected to a
250kPa normal pressure is greater than those under 500kPa and 750kPa loadings.

This is a counterintuitive result.

As stated earlier, external instruments were used to measure displacement. Post-
processing includes adjustment for the effect of sample rotation, which may have
been excessive for samples under a relatively low normal pressure of 250kPa,
leading to exaggerated values. Therefore, it is considered that cyclic loading
stiffness test results for Type 2 interfaces under 250kPa are outliers and should

not be used for further comparison. Based on other test results, it is concluded
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that the normal pressure has little impact on the cyclic loading stiffness for Type

2 interface, with an average value approximately at 4.8GPa/m.
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Figure 4-27 First loading stiffness for Type 2 interface under different normal

pressures
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Figure 4-28 Cyclic loading stiffness for Type 2 interface under different normal

pressures
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4.8 Long-term test results

The composite action between the primary and secondary linings of a CSL tunnel
is a long-term phenomenon. Therefore, in order to design such structures, it is
essential to obtain the long-term interface stiffness. This section presents the

relationship between relaxation percentage and time for each type of test.

It firstly presents the correction for temperature effects with a pure sprayed
concrete sample. This is followed by the description of a series of long-term

compression, tension and shear relaxation test results for composite samples.

4.8.1 Correction for temperature effects

In a trial long-term compressive test on a pure sprayed concrete cylinder sample
(i.e. without membrane), it was observed that the test load fluctuation over time
correlated with the temperature recorded adjacent to the machine, as shown in
Figure 4-29. A temperature reduction of 1°C consistently corresponded to a load
reduction of 1.5MPa. This relationship has been used to adjust the raw long-term
compression and tension relaxation test data for composite specimens in the

following sections.
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Figure 4-29 Load relaxation-time relationship for pure sprayed concrete sample

in the long-term compression test
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4.8.2 Long-term compression relaxation test results

Long-term uniaxial compression tests were carried out for just one Type 1
sample (Interface 1-1) at three stress levels (as described in Section 3.1) as
relaxation was not expected to be influenced by interface roughness or
membrane thickness, but rather only by the molecular structure and physical
properties of the membrane polymer (Ashby and Jones 2005). As discussed in
Section 4.8.1, corrections were made for temperature-related load fluctuations.
The adjusted data showed that the load had relaxed to around 70-80% of its
initial value after one week, as shown in Figure 4-30. A logarithmic trend line was
obtained, from which a stress relaxation ratio of approximately 0.49 is predicted

at 120 years, which is the design life for most underground tunnels in London.
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Figure 4-30 Adjusted load relaxation-time relationship for tested interface in the

long-term compression relaxation test

4.8.3 Long-term tension relaxation test results

A single Type 2 sample (Interface 2-8) was tested, and the results treated as
representative of other interface types, as shown in Figure 4-31. The relationship
between test load fluctuation and lab temperature was found to be the same as
that for the compression test. By extrapolation of the logarithmic trend line
equation, the stress relaxation ratio was calculated as 0.46 at 120 years. Due to

limited test number, the variability of this test with respect to this particular
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sample is difficult to evaluate. This issue should be addressed by carrying out

more tests in future research or construction projects.
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Figure 4-31 Adjusted load relaxation-time relationship for tested interface in the

long-term tension relaxation test

4.8.4 Long-term direct shear test results

Long-term direct shear tests were carried out on two Type 2 samples, under
normal pressures of 250 and 500kPa respectively and a shear stress of 1MPa. It
was observed that the shear stress relaxed from 1MPa to 0.82MPa over 5 days, at
which stage there was a sudden drop of stress to about 0.2MPa. The shear stress
subsequently continued to relax, but at a much lower rate, presumably because
the normal stress had dropped. The stress drop was found to be an artefact of
the shear box test machine, which automatically cut its normal stress after five
days as a safety feature. By combining the relaxation curves before and after the
normal stress drop, two completed long-term stress curves were obtained, one
for each normal pressure. A typical long-term shear relaxation test diagram is

shown in Figure 4-32.

By extrapolation of the trend to 120 years, a stress relaxation ratio of around
0.59 is found, similar to the compression and tension long-term ratios of 0.49
and 0.46.
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Figure 4-32 Typical load relaxation-time relationship for tested interface in the

long-term shear relaxation test

4.9 Summary

This chapter describes the laboratory element tests on the properties of the
interface between the sprayed concrete primary and secondary linings when a
spray applied waterproofing layer is used. These properties are needed for
efficient design of CSL tunnels. There is particular interest in the impact of
variance in interface roughness and membrane thickness on stiffness, strength
and ductility. The following conclusions are reached based on the results

presented:

1. Interface compressive failure will not occur for shallow SCL tunnels
because the lowest tested peak compressive stress(i.e. 12MPa) is much

higher than the stresses on the lining such a tunnel could experience.

2. Similarly, short-term peak interface tensile stress (>0.8MPa) is sufficient to
resist the water pressure from debonding the sprayed concrete-membrane
interface. Therefore, both short and long-term water pressure may be

assumed in design to apply to the extrados of the primary lining.
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3. Type 1 & 2 interfaces (thin membrane with either smooth or regulated
interface) have higher first loading and cyclic loading compressive and

tensile stiffnesses.

4. Peak tensile stress is affected neither by the interface roughness nor the
membrane thickness. However, regulated interface is better for producing
consistent peak tensile stress. The first and cyclic loading interface tensile
stiffnesses are very close to each other, affected mainly by the membrane

thickness but not the interface roughness.

5. Peak shear stress (>2MPa) increases with increased interface roughness,
reduced membrane thickness and increased normal pressure. Cyclic
loading shear stiffness increases with interface roughness and membrane
thickness. However, Type 1 & 2 interfaces (thin membrane with either
smooth or regulated interface) have more consistent behaviour, improving

the quality control of the construction.

6. Long-term stiffness performance in compression, tension and shear is
reasonable (approximately 49%, 46% and 59% respectively of the short-
term value), enabling reliable interface load transfer during the life of the

tunnel.
Having obtained the interface parameters from laboratory testing, the next stage
of the research is the calibration of composite beam numerical models. This will

allow verification of both the interface parameters and the proposed numerical

approach for simulating composite action.
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Chapter 5: Calibration of Composite Beam

Numerical Models

In order to correctly predict the behaviour of CSL tunnels, it is necessary to
establish accurate interface parameters and develop a validated numerical
modelling approach for simulating composite action. In Chapter 4, element test
interface parameter results were presented and discussed. This chapter focuses
on the development of a numerical modelling approach and associated

calibration by comparing beam tests against the modelling output.

This chapter comprises three parts. Section 5.1 introduces the theoretical
background, calibration plan, laboratory test configuration and corresponding
numerical models. The second part, including Sections 5.2 and 0, outlines two
rounds of calibration that verified some of the key interface parameters and
numerical modelling approach. This is an important step for the next chapter on
the numerical modelling of a typical CSL tunnel under practical loadings. The
third part, including sections 5.4 to 5.6, presents several numerical sensitivity
and lining optimisation studies on composite beams under a four-point bending

test configuration.
5.1 Background and calibration plan

5.1.1 Four-point bending tests

The degree of composite action of CSL is a critical parameter for designing such
tunnels. Although practical tunnel linings experience both bending moment and
axial force, most tunnelling specifications recommended beam testing to evaluate
the flexural performance of the lining. The four-point bending test is often used
as a standard testing methodology (BSI, 2006), in which a region of constant
bending moment is generated between two loading points, enabling assessment

of flexural strength and stiffness.

The test configuration and dimensions of the sample beams used in this research
are shown in Figure 5-1. Equal loads were applied 250 mm from each end of the
beam, giving a 400 mm constant bending zone. This represents a deviation from

the BSI standard (BSI, 2006), which specifies a loading point separation of a third
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of the total beam length (i.e. 300mm for this test configuration). The purposes of
this alteration was to make such test samples behaved more like “shallow” beams
to reduce the impact of shear and to generate a longer pure bending area for

more accurate flexural behaviour.

Two types of sprayed concrete beam were tested. Pure sprayed concrete beams
were initially used to validate the Young’s modulus value obtained from the

element tests. Composite beams were then subsequently tested.

Potentiometer Section at midspan

Primary Iining ,_.-

_ oY e
s i‘w?;-.- DI 0% - ot T

50! 200

Figure 5-1 The four-point bending test configuration adopted during testing (All

dimensions in mm)

5.1.2 Theories and assumptions for pure concrete beams

The test results for the pure concrete beams were used to back-calculate the
Young’s modulus of the concrete. Euler-Bernoulli beam theory was used to model

the beams’ deflection characteristics. The following assumptions are made:

e The beams are relatively “shallow”, so that shear deformation is not

significant compared to bending.

e Beams are supported on one pin support and one roller, so that arching

and membrane action cannot occur.

e The concrete exhibits linear elastic material properties are assumed for the

concrete.

These assumptions lead to the following relationship between beam displacement
w(x) as a function of position x along the beam, applied load g(x), Young’s

modulus E and second moment of area / of the beam cross-section:
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d*ew .
El—= = q(x) Equation 5-1
A schematic figure of the four-point bending test is shown in Figure 5-2, and the
maximum vertical displacement w,,,, at midspan can be calculated by using

Equation 5-2:

y

Figure 5-2 Schematic figure of the four-point bending test

Pb P . ~
Wmax = 7o [3L% — 4b%] + —[31% — 4a?] Equation 5-2

By substituting the actual test beam dimensions, Equation 5-2 can be simplified

to
Wmax = 11PL*/396EI Equation 5-3
Where:

P Vertical load at each position (P=5kN)

L: Beam length between two supports (L=800mm)

a. The distance between P loading to its nearest support (a=200mm)
b: The distance between P, loading to its nearest support (b=200mm)
E: testing measured Young’s modulus

I Second moment of inertia (/| =4.21E°m?)
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5.1.3

Theories and assumptions for composite beams

In composite beams the stress and strain distributions through the cross-section

are likely to be different from those in a pure concrete beam, due to the existence

of interfaces with the sandwiched spraying waterproofing membrane. This is

illustrated in Figure 5-3 for four different levels of composite action. As the

composite action reduces from full composite to non composite, the neutral axes

for each component beam (top and bottom) move away from the membrane and

towards half-depth of each component beam. Applying Euler-Bernoulli beam

theory leads to the following conclusions for composite beams:

The lower the degree of composite action, the lower the load (calculated
from the stress blocks) for a given deformation (curvature) the beam can

take, and hence the lower the flexural stiffness

The lower the degree of composite action, the lower the ratio between the
horizontal strain at half-depth of either component beam and the strain at
the top/bottom surface. (The ratio is 0.5 at full composite action and zero

for non composite)

The lower the degree of composite action, the smaller the longitudinal
displacement of beam ends at half-depth of each component beam for a

given load

Based on the conclusions above, there are three ways to quantify the degree of

composite action, designated by Rc, the composite action ratio:

6non_6comp ( 5

Method 1: Based on vertical displacements: Rc = - compr Onon &
non~— 9 full

Spu are vertical displacements of the composite, non composite and full

composite beam respectively

(61/2 /Etop (bottom) extreme fibre ) &
05 (€12

Method 2: Based on horizontal strains: Rc =

€top (bottom)extreme ribre aF€ longitudinal strains for composite beams at half-

depth and top (bottom) of respective component beams)

. . 5 com
Method 3: Based on beam end relative displacement: Rc = —2<m2 (81/2comp
1/2full

& 8125y are longitudinal beam end displacements for composite and full

composite beams)
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Top component _ |
beam

Membrane —_ >

Bottom —>
component beam

Full composite action High composite action ~ Low composite action No composite action

Figure 5-3 Stress-strain distributions through beams subjected to a sagging

moment for different degrees of composite action

5.1.4 Calibration plan

Validation of the numerical models comprised of the following stages:

The first round (Section 5.2):

(1) Validate a model of a pure sprayed concrete beam against both laboratory
test results and theoretical equations assuming linear elastic behaviour of
concrete and taking account of the test setup. This enabled verification of

the sprayed concrete material parameters.

(2) Validate models of composite beams, in which interface properties that
depend on membrane thickness and interface roughness have been input
from the element testing described in Chapter 4, against laboratory test

results for the composite beams.

It was found that the composite beam numerical model results did not
match the laboratory test results. Consequently, a second round
calibration was carried out with a few modifications made to the testing

configuration.

The secondary round (Section 5.3):

(3) Validate the laboratory test results of two pure sprayed concrete beams
with closed-form equations to examine the consistency between the
displacement and strain results. It was found the displacement and strain
results did not comply with the beam theory, indicating that one of test
results was wrong. Therefore, additional validation of the testing machine

compliance was carried out.

(4) Validate the behaviour of a steel beam with a standard cross—section under
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the same testing configuration. This verified the compliance of the testing

machine, which could then be taken into account for all beam tests.

(5) Validate composite beam models by comparing against laboratory test
results for the additional tested beams, which took into account the
compliance of the testing machine. This verified the accuracy of the
composite beam models as well as the interface stiffnesses used in the

validation.

The laboratory test setup and corresponding numerical models used for the

calibration are described in the following sections.

5.1.5 Laboratory test setup

The configuration of the laboratory four-point bending test is shown in Figure
5-4 (a). Machine loading was firstly applied to a yellow crossbeam and then
equally transferred to two rods, each embedded in a loading pad thus ensuring
uniform load distribution to the beam. A potentiometer was positioned at beam
midspan to measure the vertical displacement at the top of the beam. Figure 5-4
(b) and (c) show the four strain gauges which were attached to the two sides of
the beam, each positioned at half-depth of the top and bottom component beam
(e.g. top Y2 and bottom 1/2), measuring longitudinal strain during the test. Figure
5-4 (d) shows the two potentiometers which were positioned at the right end of
the beam, measuring relative beam end displacement. Machine loading was
controlled in stroke mode and was applied in increments of 0.1mm every 10s in
increments until a crack occurred at the bottom of the beam. The loading was
continued until the vertical displacement reached 8mm. No loading/unloading

cycles were performed during the short-term four-point bending test.
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measuring horizontal strain for composite beams (d) Potentiometers

measuring beam end displacement

5.1.6 Modelling strategy

As part of the calibration plan and for the numerical analysis in the following
Chapter 6, it is important to define the appropriate modelling strategy for
simulating composite action. There are two aspects that need to be considered:
(1) how to simulate composite action, and (2) how to take into account the

variance at the membrane interface.

The first question is how to simulate composite action. Traditionally, 2D beam or
3D shell elements are used to represent tunnel linings. Several advantages were
identified for this approach, such as ease in creating model geometry and
obtaining internal forces for design purposes (e.g. bending moment and axial
force). However, this approach cannot simulate composite action because neither
element type has physical thickness, which is a key requirement for simulating
composite action. In contrast, elements with physical thickness, such as 2D zones
or 3D solid elements, should be used to represent tunnel linings when simulating

composite action.
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The second question is how to take into account the variance at membrane
interface. The variances of the interface focused on in this research are (1)
membrane thickness, and (2) primary lining substrate roughness, the origin of
which is the different workmanship to the primary lining surface on site. There
are two methods to simulate the interface with the consideration of these

variances.

Method one uses either 2D zones or 3D solid elements to represent sprayed
membrane material only and that the properties of the interfaces between the
sprayed membrane material and the concrete on either side would also need to
be explicitly defined. In this method, in addition to the membrane material
parameters E, G and v, the primary lining substrate roughness and variance in
membrane thickness need to be simulated explicitly. This procedure could be
labour-intensive and time-consuming. Besides, there is a lack of statistical
analysis on site data to determine what substrate roughness and membrane
thickness should be used in numerical simulation. Moreover, the tensile and
shear interface strengths for the two interfaces in this case (1.Between primary
lining or regulating layer and membrane and 2.Between membrane and secondary
lining) need to be specified individually, as they are the key parameters to

determine when the composite lining will experience tensile or shear failure.

Method two uses interface elements to represent the whole primary lining
substrate-membrane-secondary lining surface interface. Parameters that need to
be defined for such an interface are the normal and shear strengths and
stiffnesses. The effect of variation in membrane thickness and primary lining
substrate surface roughness can be taken into account by specifying a suitable
range for each parameter. The use of interface elements instead of 2D zones or
3D solid elements and the associated work in specifying membrane thickness and
substrate roughness significantly saves the modelling time. Therefore, method
two is recommended in practical CSL tunnel design and has been adopted for this
research. The following section discusses the selection of numerical analysis

package to deliver this method of analysis.

5.1.7 Selection of numerical analysis package

There were two phases of numerical analysis involved in this research. Firstly in

this Chapter, a series of numerical analyses of CSL beam behaviour were
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undertaken, from which the interface parameters and the modelling approach for
simulating composite action were validated. The second part, described in
Chapter 6, involved a series of numerical analyses of a typical CSL tunnel with
surrounding ground, adopting the validated interface parameters and modelling
approach. The CSL tunnel behaviour is examined and compared with full CSL (CSL
with full composite action) and non CSL (DSL) tunnels with the same dimensions

and in the same ground.

The need to assess both composite structure behaviour and soil-structure

interactions has driven the numerical analysis package selection for this analysis.

FLAC (Fast Lagrangian Analysis Continua) is a two-dimensional explicit finite
difference program based on the plane strain theory for engineering mechanics
computation. It has the capability to simulate the nonlinear behaviour of London
Clay as well as the performance of composite structures. It also has the 2D zone
element and interface element that are needed in method two as discussed in
section 5.1.6. Additionally, FLAC has been used for many years by both the
industrial and academic partners in this research - Mott MacDonald and
University of Southampton (Thomas 2003). Consequently the soil constitutive
models used have been well optimised by extensive calibration against data from

a wide range of underground projects, eliminating the need for further baselining.

5.1.8 Numerical model for four-point bending tests

2D beam models were created to simulate the behaviour of pure sprayed concrete
and composite beams under the four-point bending test. As plane strain was
assumed in the FLAC2D analysis, the FLAC model was essentially modelling a
plate of 1m width. Therefore, the applied load was proportionately increased in

the model.

The height and the length of the FLAC beam were 150mm and 900mm
respectively. The beam was supported with pinned supports at both ends, with
vertical movement restricted at the left support and both vertical and horizontal
movement restricted assumed at the left support. The beam consisted of 288
zones, each of 25mm in length and 18.75mm in height. Beam elements, which
were set with the same cross-section area and second moment of inertia as the

beam but with a Young’s modulus a thousand times smaller, were attached to the
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zones at the half-depth of the beam, from which the bending moment and

vertical displacement could be determined for validation.

Beam elements
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Figure 5-5 FLAC model for a pure sprayed concrete beam

5.2 First round calibration

5.2.1 Validation of pure shotcrete beam model

The first step of the calibration was to carry out a four-point laboratory bending
test for a pure sprayed concrete beam, the result of which was then used to
compare with the analytical value calculated using equation 5-3. This would
enable the Young’s modulus and isotropy of sprayed concrete to be confirmed for

this study.

The load-displacement curve for the tested beam 7-11 is shown in Figure 5-6. It
can be seen that a “bedding” effect inducing a “softer” curve occurs at lower load
levels (<10KN). A “stiffer” curve is observed at higher load levels (>10KN) - this is
considered to represent the true flexural stiffness with a displacement of
0.137mm occurring over a 10kN loading interval indicated in Figure 5-6 as a
black line between 10 and 20kN. By substituting the test results into Equation 5-
3, the concrete Young’s modulus is determined at around 10GPa. By substituting
this value into the FLAC beam model, a maximum displacement of 0.135mm was
obtained, very close to the 0.137mm observed in the test. This confirms that the
proposed FLAC beam model is able to accurately predict the current behaviour of
a beam under a four-point bending test setup. However, it also raised a question

about whether the sprayed concrete is anisotropic. This issue is resolved in the
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second round of calibration. The sprayed concrete Young’s modulus of 10GPa

was used as a base value for the calibration of composite beams.
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Figure 5-6 Load-displacement curve for pure shotcrete beam 7-11

5.2.2 Composite beam samples

Following the validation of the pure sprayed concrete beam, the second step was
to validate the composite beam models. Prior to the numerical analysis, five
composite beams were tested. Samples were designated according to the primary
layer interface finish and membrane thickness as described in Section 3.2.5.
Dimensions of the test beams, the measured membrane thickness and
thicknesses of top and bottom component beams, are given in Table 5-1. The
beam width and overall depth were both 150mm and the length was 900mm for

all beams.

Table 5-1 Dimensions of tested composite beams

Beam Measured Interface Thickness of top Thickness of
number membrane type component beam bottom
thickness (mm) (mm) component
beam (mm)
1-11 4 smoothed 77 69
2-11 3 regulated 70 77
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3-11 3 As-sprayed 67 80

4-11 6 smoothed 69 75

5-11 10 regulated 70 70
5.2.3 Flexural response

The load-displacement diagram for the beams is shown in Figure 5-7 and the
vertical downward displacement results under 10kN and 20kN total load are

shown in Table 5-2.

e The three beams 1-11, 2-11 and 3-11 were unusual because their initial

flexural responses to loading were stiffer than the pure concrete beam.

It was found that:

This is possibly due to a fault with the potentiometers.

e The composite beams with 6 mm (4-11) and 10 mm (5-11) membranes

had noticeable proportional limits (15kN for beam 4-11 and 11kN for

beam 5-11) followed by nonlinearity up to peak load.
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Figure 5-7 Load-displacement relationships for first series test beams
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Table 5-2 Vertical displacement for tested composite beams

Beam Membrane Total vertical Laboratory tested vertical
number | thickness (mm) load (kN) displacement (mm)
10 0.111
1-11 2
18.2 0.500
10 0.055
2-11 2
20 0.043
10 0.031
3-11 2
20 0.338
10 0.26
4-11 6
20 0.58
10 0.34
5-11 9
20 0.68~
* projected value
5.24 Horizontal strains

The average of the two strain readings on the two sides of the top and bottom

component beams of each composite beam are shown in Figure 5-8. The average

values under 10kN total load for each composite beam are shown in Table 5-3.

The non-zero strain readings demonstrated that the top and bottom component

beams were working compositely. There is a bigger difference in the top ¥2 and

bottom 2 strains of beam 3-11 in comparison to other composite beams, which

is due to a larger variation of membrane position from half-depth of the whole

beam (i.e. larger variation in depth for top and bottom component beams).
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Figure 5-8 Longitudinal strain diagram

Table 5-3 Horizontal strain at mid-span for beams under 10 kN total load

Beam Membrane Strain gauge Strain gauge readings
number thickness (mm) position (microstrain)
top 33.7
1-11 4
bottom 39.7
top 39.8
2-11 3
bottom 36.5
top 43.5
3-11 2
bottom 28.1
top 42.5
4-11 6
bottom 34.8
top 35.7
5-11 10
bottom 39.8

5.2.5 Crack development

A similar crack development process was observed for all beams, as shown in
Figure 5-9. A detailed description of the crack propagation is given below with

particular reference to beam 2-11.
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A visible crack was first observed when the load reached 19kN (90% of
peak load)

e The crack was continuing to develop and approaching the membrane when
the peak load was reached

e When the crack had extended to 3/4 of overall beam depth the beam
could still sustain 18.5kN (88% of peak load), and at 4/5 of overall
beam depth it could still sustain 10kN (50% of peak load)

e Steel fibres were observed to fail in the desired pull-out mode rather than

by fibre breakage
e Assingle flexural crack was observed in all the tests

Comparing the load-displacement diagram and crack development observations,
it is evident that the beams entered nonlinear behaviour before visible cracks

were observed, implying invisible cracking occurred much earlier than

development of visible cracks [Bloodworth et al. 2014].

Figure 5-9 Crack development during the test for beam 2-11(a) approaching
peak load (b) passing peak load (c) residual strength

5.2.6 Beam end displacements

The test results show that all beam end relative displacements were below 0.2mm,

suggesting all beams demonstrated a high degree of composite action.

99



Chapter 5

5.2.7 Calculation of composite action ratios

Section 5.1.3 proposed three methods to calculate the composite action ratios for
composite beams. Methods (1) and (2), which are based on the beam
displacements and strains, are used in this study. Method (3) is not used because

the magnitude of the test data is too small.

Table 5-4 shows that composite action ratios calculated from strain readings are
mostly around 42%, showing a good consistency between results. Composite
action ratios calculated from the vertical displacements of two of the composite
beams (4-11 and 5-11) follow the expected trend, reducing with increased
membrane thickness. However, values for the other three beams (1-11, 2-11 and
3-11) do not, due to implausible displacement readings: This raises the question
whether the theoretical assumptions behind the data manipulation (i.e.
application of Euler-Bernoulli theory) and/or whether the measured beam vertical

displacements are correct.

Table 5-4 Calculated composite action ratios (Rc) based on vertical displacement

and strain readings

Vertical Rc based on Average
Beam Rc based on
displacement vertical Strain .
number average strain
at 10 kN (mm) | displacement reading
7-11 0.178 100% 88.5
1-11 0.111 113% 36.7 41%
2-11 0.055 123% 38.15 43%
3-11 0.031 128% 35.8 40%
4-11 0.26 85% 38.65 44%
5-11 0.34 70% 37.75 43%

5.2.8 FLAC analysis of composite beams

A sensitivity study was first carried out which found that using an interface
element to simulate a relatively thick membrane interface (i.e. =6mm) could lead
to noticeably large difference in the results. This is because the depth of each

component beam (i.e. approximately 75mm) is relatively thin in comparison to
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the membrane interface thickness. Therefore, thin (<6mm) and thick (=6mm)
membrane interfaces were simulated by using interface elements and zones
respectively. For the numerical modelling of a full composite SCL tunnel, only
interface elements were used due to the thick primary and secondary lining

thickness (e.g. 300mm for each and 600mm for total).

The FLAC model of the composite sprayed concrete beam under four-point
bending is shown in Figure 5-10. The model composition is similar to that of the
pure sprayed concrete beam described in Section 5.1.8, but with the addition of
interface elements (for membrane thickness less or equal to 6mm) or zones (for
membrane thickness bigger than 6mm) to the beam at its half-depth, simulating
the sprayed membrane-concrete interface. The overall depth of beam was kept

constant at 150mm regardless of the measured membrane thickness.

Similar to previous practice, very low Young’s modulus beam elements were
modelled at the half-depth of the top and bottom component beams, as an

additional validation of the composite action.
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sprayed concrete to the half depth of the
component beam
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Figure 5-10 FLAC model for a composite sprayed concrete beam

Validation of the beam bending moment was firstly carried out. It was found that,
under the same loading, when the interface stiffnesses (e.g. the composite action
ratios) were increased, both the vertical displacement and bending moment of the
beam elements reduced. This was due to the fact that the beam elements were
attached to the zone and thus deformed to a smaller curvature, in turn

generating a smaller bending moment. Therefore, the actual bending moment
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should be the ‘nominal’ bending moment multiplied by an amplification factor,

which is the ratio of vertical displacements between a non composite and a

composite beam. This value can be calculated once the normal and shear

interface stiffnesses are confirmed.

Validation of beam displacements and strains were also carried out. It was found

that the predicted displacements and strains from the FLAC model matched the

test results only when the sprayed concrete Young’s modulus was assumed as

15GPa, slightly higher than the 10GPa value determined from the testing. The

results are shown in Table 5-5.

Table 5-5 Comparison of numerical predictions and test results

Beam Strain | Component | Laboratory Kn Ks Numerical
number | gauge Beam measured | (GPa/m) | (GPa/m) | predicted
position | depth (mm) strains strains
(microstrain) (microstrain)
top 77 33.7 36.5
1-11 8 4
bottom 69 39.7 40.7
top 70 39.8 40.8
2-11 8 4
bottom 77 36.5 37.0
top 67 43.5 35.2
3-11 6 3
bottom 80 28.1 28.1
top 69 42.5 42.3
4-11 8 4
bottom 75 34.8 36.3
top 70 35.7 35.7
5-11 4.8 2
bottom 70 39.8 35.7

The first round calibration produced contradictory results for the value of

Young’s modulus of sprayed concrete and the composite action ratios.

Comparing with the strain gauge reading data, the quality of the displacement

data was in doubt. Imperfect beam dimensions caused beam rotation during

initial loading and the compliance of the testing machine may have both affected
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the data. Therefore, a second round of calibration was carried out with a different
measuring arrangement and the compliance of the testing machine was

investigated.

5.3 Second round calibration

5.3.1 Calibration with pure shotcrete beam

In order to resolve the contradictory results obtained in the first round of
calibration, the initial step of the second round of calibration was to double check
the value of sprayed concrete Young’s modulus. This was done by checking the
compliance between the vertical displacement and strain readings from pure

sprayed concrete beams.

Two additional pure sprayed concrete beams (7-12 and 7-13) were tested using
the test dimensions and configuration. In this round of testing the locations of
the strain gauges was changed. Four strain gauges were attached to each beam,
two at half-depth of the top component beam, one on the top surface and one on
the bottom. This arrangement provided a clearer picture of the strain distribution
for each component beam, reducing the uncertainty in the strain values at the top
and bottom. In addition, a dial gauge was used to give confirmation of

potentiometer reading.

The test was undertaken using the same procedures as before. The load-
displacement curve and strain readings are shown in Figure 5-11 and Figure
5-12 respectively. A Young’s modulus value of 8-9GPa has been back-calculated
from the load-displacement curves. This is very close to the 10GPa value
obtained from the first round calibration. In contrast, the Young’s modulus
determined from the strain readings is around 22-24GPa - very close to the value
obtained from uni-axial compression element tests. The strain position of top %
for sprayed concrete beams in Figure 5-12 is the same as the position of top 2

for composite beams as shown in Figure 5-4.

It was thought that strain gauge value (a local measurement) should be more
accurate than the vertical displacement results obtained from the potentiometer
(a global measurement). Therefore, detailed investigation on the possible error
source was undertaken. Two error sources were identified to have contributed to

the additional measured displacement: (1) a layer of compressible rubber sheet
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under the pin supports and (2) the compliance of the machine system as a whole,
including “bedding” effects at the supports. In order to assess the level of
additional displacement, it was decided to test a steel beam with standard cross-

section, whose second moment of inertia and Young’s modulus (of steel) was

known.
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Figure 5-11 Load-displacement curve for pure shotcrete beams 7-12 and 7-13
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Figure 5-12 Strain readings for pure shotcrete beams 7-12 and 7-13
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5.3.2 Correction for test setup compliance

A rolled steel | shape beam of the similar length and cross-section depth as the
sprayed concrete beams was tested twice in the same test configuration and
under the same loading procedure, as shown in Figure 5-13. The dimensions of
the steel beam are provided in Table 5-6. Closed-form equations based on beam

theory were used to examine the compliance.

Figure 5-13 Test configuration for the steel beam

Table 5-6 Dimensions of the steel beam

Cross- Length | Depth Flange |Flange thickness | Web thickness

section (mm) (mm) |width (mm) (mm) (mm)

| - shape 917 152 76 8 7

The laboratory tested and closed-form equation calculated load-displacement
curves for the steel beam are shown in Figure 5-14. It was found that (1) the
curves for the two laboratory tests were almost identical, (2) the initial “bedding”
effect was occurred at lower load levels (<3kN) and “stiffer” curves were
developed at higher load levels (>3kN) and (3) even the “stiffer” curves exhibited
“softer” behaviour than that predicted by the closed-form calculated curve in red.

This demonstrates the compressive rubber sheet and the compliance of machine
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system did cause additional displacement to the results. The displacement/load
ratio calculated for the laboratory test results at higher load levels and that
calculated theoretically are 0.0179mm/kN and 0.00366mm/kN respectively. The
difference of 0.0142mm/kN can be attributed to the additional displacement that

arises from the compressible rubber sheet and the compliance of machine system.

The original and adjusted load-displacement curves for beams 7-12 and 7-13
are shown in Figure 5-15. A theoretical line calculated from the closed-form
equation using a Young’s modulus value of 22GPa is also shown in red. It can be
seen that the adjusted curve for beam 7-13 is slightly “stiffer” than the
theoretical curve, whilst the other curve for beam 7-12 is slightly “softer” than
the theoretical curve. The range of the Young’s modulus for two beams is
between 20-24GPa, consistent with the test results from the uni-axial
compression element test and the back-calculated values from strain readings.
Therefore, it can be concluded that (1) the Young’s modulus of sprayed concrete
for this study is between 20-24GPa, (2) Young’s modulus of sprayed concrete

was the same in tension and compression, and (3) sprayed concrete is isotropic.
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Figure 5-14 Test and theoretical calculation results for the steel beam
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Figure 5-15 Original and adjusted load-displacement curves for pure shotcrete
beams

5.3.3 Calibration using additional composite beams

Having established the value of sprayed concrete Young’s modulus, the next step
was to calibrate the models for the composite beams. Two additional composite
beams were tested with new strain gauge arrangements and a dial gauge. The

dimensions of these two beams are shown in Table 5-7.

Table 5-7 Dimensions of 2™ round tested composite beams

Beam Measured | Interface | Thickness Thickness | Beam | Beam
number | membrane type of top of bottom | width | length
thickness component | component | (mm) | (mm)
(mm) beam (mm) | beam (mm)
4-12 6 regulated 65 79
150 900
4-13 4 regulated 66 80

The adjusted load-displacement curves is shown in Figure 5-16, in which the

“softer” behaviour of beam 4-12 was mostly attributed to the initial “bedding’

effect. It then exhibits a “stiffer” response at higher load level (>8kN).
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Figure 5-16 Load-displacement curve (adjusted) for 2™ round tested composite

beams

The selected strain readings (top surface and top ¥ right) for these two
composite beams are shown in Figure 5-17. For both cases, the top surface
strains are more than double of the top /2 right strains, demonstrating the

existence of composite action.
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Figure 5-17 Selected strain readings for 2™ round tested composite beams

Numerical analysis using the previously calibrated FLAC model was carried out for
these two composite beams. The predicted displacements and strain results are

compared with those from laboratory tests and are shown in Table 5-8 and Table
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5-9 respectively. It can be seen that the two sets of results are very close to each

other - the differences between the two results are all within 8% when against the

laboratory test results. Therefore, it can be claimed that the proposed numerical

modelling approach is able to reasonably simulate the behaviour of composite

beams. This approach is used in the next chapter for the numerical modelling of

a typical CSL tunnel.

Table 5-8 Comparison of displacement from numerical predictions and test

results
Beam Laboratory Sprayed Kn/Ks Numerical Differences
number measured concrete (GPa/m) predicted against the
displacement Young’s displacement laboratory
(mm) modulus (GPa) (mm) results
4-12 0.200 20 8/4 0.218 1.0%
4-13 0.176 23 16/8 0.170 3.4%

Table 5-9 Comparison of strains from numerical predictions and test results

Beam Strain gauge Laboratory Numerical Differences
number position measured predicted against the
strains strains laboratory results
(microstrain) | (microstrain)

top -82.02 -88.5 7.9%

4-12 Y2 top beam -28.0 -29.5 5.3%

Bottom 114.6 113.3 1.1%

top -73.4 -69.2 5.7%

Y2 top beam -48.4 -50.1 3.5%

4-13
Y2 top beam -23.77 -23.87 0.4%
Bottom 78.71 78.85 0.1%
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5.3.4 Reanalysis of first round composite beams

Following the successful calibration of the second round composite beams,
reanalysis was carried out for the first set of beams with displacement values

adjusted for the machine compliance.

Table 5-10 shows that the strains predicted by the FLAC model are reasonably
close to those obtained from the laboratory tests, demonstrating its ability to
simulate composite action between two layers of lining. There are a few occasions
when the differences from the laboratory results are more than 10%, which may
be attributed to many factors, such as continued variation of component beam
thickness (and hence the membrane thickness) and strain gauges not perfectly
positioned in the half-depth of component beams. These variations are inherent
to the construction and monitoring of SCL tunnels, so cannot be totally avoided.

With most difference ratios less than 10%, the level of accuracy is acceptable.

Table 5-11 shows the FLAC model predicted displacements are slightly different
from those obtained from laboratory tests. It should be noted that there was only
one potentiometer measuring the displacement in the first round of beam test.
Therefore, it was possible that some of those beams were experiencing rotation
at the initial loading stage, mostly due to their imperfect dimensions. The
rotation could lead to either enlarged or reduced displacement readings,
depending on the rotation direction and potentiometer position. Overall,
considering the high degree of match between the beam strains and the small
discrepancy (<0.1mm) between the beam displacements, it can again be
confirmed that the proposed composite beam model is able to simulate the

behaviour of composite beams.

Table 5-10 Comparison of strains for the first set of beams

Beam Strain Laboratory | Sprayed | Kn/Ks Numerical | Differences
number | gauge measured | concrete | (GPa/m) | predicted | adainst the
position strains Young’s strains laboratory
(microstrain) | modulus (microstrain) | results
(GPa)
top -33.7 -31.4 6.8%
1-11 20 16/8
bottom 39.7 35.0 11.8%
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top -39.8 -37.9 4.8%
2-11 20 16/8
bottom 36.5 34.4 5.8%
top -43.5 -39.3 9.7%
3-11 20 32/16
bottom 28.1 32.8 16.7%
top -42.5 -35.3 16.9%
4-11 20 10/5
bottom 34.8 32.4 6.9%
top -35.7 -39.8 11.5%
5-11 20 8/4
bottom 39.8 36.1 9.3%

Table 5-11 Comparison of displacement for the 1 round composite beams

Beam Laboratory Sprayed Kn Ks Numerical
number measured concrete (GPa/m) | (GPa/m) predicted
displacement Young’s displacement
(mm) modulus (GPa) (mm)
1-11 N/A 20 16 8 0.178
2-11 N/A 20 16 8 0.157
3-11 N/A 20 32 16 0.156
4-11 0.12 20 10 5 0.205
5-11 0.20 20 8 4 0.282
5.3.5 Examination of interface stiffnesses

Table 5-12 shows that the calibrated interface stiffnesses are all within the range

of test results from element tests presented in Chapter 4 and generally

demonstrated the expected trend: (1) the thicker the measured membrane

thickness, the lower the interface stiffness, and (2) the rougher the primary lining

interface surface, the higher the interface stiffness. Therefore, it was concluded

that the validated interface parameters can be used for modelling a typical CSL

tunnel under practical loading as described in Chapter 6.
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Table 5-12 Interface parameters used in the numerical modelling of composite

beams

Beam Measured Interface type Kn (GPa/m) Ks (GPa/m)
number membrane

thickness (mm)
1-11 4 smoothed 16 8
2-11 3 regulated 16 8
3-11 3 As-sprayed 32 16
4-11 6 smoothed 10 5
4-12 4 regulated 8 4
4-13 4 regulated 16 8
5-11 10 regulated 8 4

5.4 Sensitivity study of CSL beams

A numerical sensitivity study using the same composite beam model was carried
out to investigate the impact of normal interface stiffness Kn and shear interface
stiffness Ks both individually and simultaneously, on the composite action ratio
Rc based on displacement. The sprayed concrete Young’s modulus is assumed as
15 GPa and Kn and Ks were varied by a factor of 10 either side of their base
values (Kn=8GPa/m and Ks=4GPa/m). It should be noted that the sprayed

concrete Young’s modulus does not affect the composite action ratio.

The modelling results for the sensitivity of Rc to Kn are shown in Figure 5-18. It
shows that when Kn is increased by a factor of 10 from its base value, the
composite action ratio increases by only 0.02, whereas it reduces by 0.12 when
Kn is reduced to a tenth of its base value. It also shows that the composite action
ratio increases by 0.23 or reduces by 0.40 when Ks is increased or decreased by a
factor of 10 respectively, demonstrating that the composite action ratio is more

sensitive to the variance of Ks.

The modelling results for the sensitivity of Rc to Kn and Ks simultaneously are
shown in Figure 5-19 and Table 5-13. It can be seen that varying Kn and Ks

simultaneously changes the composite action ratio significantly. In a range
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between 0.1 and 10 times the base case Kn and Ks values, the composite action
ratio varies from 0.07 to 0.96. However, within a practical range of Kn and Ks
(highlighted in yellow in Table 5-13), the composite action ratio varies from 0.71
to 0.56 and a change in Ks has a much bigger influence than variation of Kn on

the degree of composite action.
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Figure 5-18 Sensitivity of composite action ratio to Kn and Ks

Table 5-13 Composite action ratio from sensitivity study when Kn and Ks vary

simultaneously

Composite Ks (GPa/m)

action ratio 0.4 0.8 2 4 8 20 40

80 0.34 0.43 | 0.60 | 0.74 | 0.84 | 0.93 | 0.96

40 0.34 0.43 | 0.60 | 0.73 | 0.84 | 0.92 | 0.96

16 0.33 0.42 0.60 | 0.73 0.83 0.92 0.95
Kn

(GPa/m)

8 0.32 0.41 | 0.58 | 0.71 | 0.82 | 0.90 | 0.94

4 0.29 0.39 | 0.56 | 0.69 | 0.79 | 0.88 | 0.91

1.6 0.21 0.30 | 0.47 | 0.61 | 0.71 | 0.80 | 0.83

0.8 0.07 0.17 | 0.34 | 0.47 | 0.57 | 0.66 | 0.69
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Figure 5-19 Composite action ratio from sensitivity study when Kn and Ks vary

simultaneously

5.5 The impact of different position of sprayed

waterproofing membrane

The impact of membrane position on the composite action ratio was also
investigated. Keeping the overall beam depth constant, vertical location of the
waterproofing interface was varied between near the bottom surface of the beam

to near the top surface (18.75mm from beam surface).

Figure 5-20 shows that the composite action ratio is biggest when the membrane
is at mid-depth of the beam and reduces as the membrane position moves
towards the extreme fibre in either direction. This follows the beam theory that
the shear stress is highest at the mid-depth of the beam when it is under
bending. Consequently, the greater the shear stress utilised at the interface, the

higher the composite action ratio.
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Figure 5-20 Composite action ratios for composite beam with membrane at

different positions

5.6 Composite beam thickness optimisation

The sensitivity studies described so far have focused on composite beams with
fixed overall thickness. In this section, the primary lining is held constant at 75
mm and secondary lining thickness is varied (reduced). The vertical displacement
is compared with that of a non composite double shell beam with primary and
secondary lining thicknesses both equal to 75 mm, hence demonstrating the

benefit in terms of lining saving of including composite action.

The base case non composite beam has a composite action ratio of 0.0 (top line
of Table 5-14). This is compared with five composite beams with top component
beam thickness also 75 mm but bottom beam thickness varying from 15mm to
75mm in 15mm intervals. Base case interface properties of Kn=8GPa/m and Ks=

4GPa/m were used.

Table 5-14 shows that the composite beam with a bottom component beam
thickness of 20 mm (i.e. overall thickness 95 mm) has the closest vertical
displacement to that of the non composite beam. This corresponds to a 37%

reduction in overall thickness and 73% secondary lining thickness reduction.

It should be noted that the main purpose of this study was to demonstrate an

overall lining thickness reduction is possible from a structural engineering point
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of view. However, this conclusion has been drawn from structural composite
beam models without considering many other factors which influence the
behaviour of a CSL tunnel. These include soil-structure interaction effect,
sequential excavation and long-term ground behaviour, which are investigated in
detail in next chapter. Therefore, given the limitations of this particular
comparison study, this conclusion should not directly inform CSL tunnel design

without further investigation.

Table 5-14 Secondary lining optimisation study for fixed primary lining

thickness
o oo ol Vertical displacement | Composite action
(mm) (mm) (mm) (mm) ratio
75 150 0.4716 0.00
15 90 0.5601 -0.25
20 95 0.4747 -0.01
75 30 105 0.4386 0.09
45 120 0.3467 0.35
60 135 0.2749 0.56
75 15 0.2190 0.71

5.7 Summary

A calibration process for a composite beam numerical model against laboratory
test data and associated sensitivity studies have been presented. The main

findings are:

e The composite action of composite beams can be simulated by using the

proposed numerical modelling approach and verified interface parameters

e It is confirmed that the sprayed concrete is an isotropic material and its
Young’s modulus is the same in tension and compression, ranging from
20GPa to 25GPa for this research.

e Shear interface stiffness has much bigger impact than normal interface

stiffness on the degree of composite action.
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e Within the practical range of interface stiffness with spray-applied
waterproofing membrane, based on the TamSeal 800, the degree of
composite action for composite beams under four-point bending tests
varies by about 15%.

e The degree of composite action is maximised when the interface is at half-
depth of the composite lining.

e The sprayed membrane interface induced composite action could lead to a
37% reduction in overall beam thickness for a composite beam in pure
bending.

This chapter validated a numerical modelling approach that can simulate the
composite action for composite beams as well as key material and interface

parameters, all of which will be used for the next stage of research.

117






Chapter 6

Chapter 6: Numerical Analysis of a Composite
SCL Tunnel

This Chapter comprises three main parts and a summary. The first part, including
Sections 6.1 and 6.2, introduces the background and numerical modelling plan of
this chapter. Sections 6.3 and 6.4 go on to introduce the adopted numerical
modelling methodology and presents the results for the base case CSL tunnel.
The third part, from Section 6.5 to 6.9, presents a series of parametric study

results. A summary of the findings is provided in Section 6.10.
6.1 Background

6.1.1 Load sharing between the primary and secondary linings

Historically, SCL tunnels were mostly designed so that the primary lining takes all
the short-term loads and then degrades to “grey rock” in the long-term (Hurt
2002). The secondary lining was assumed to take all the long-term loads, with no
load sharing between the sacrificial primary and permanent secondary linings.
Due to the complexity of staged construction and soil-structure interactions,
monitoring of SCL tunnels focused mostly on the performance of primary linings,
using load cells to measure lining forces (Clayton et al. 2000, 2006) in most
cases and also more recently fibre optics to measure lining strains (Devriendt
2012). Therefore, there is a lack of literature on the load sharing between the
permanent primary and secondary linings due to the fact that the CSL tunnel

configuration is fairly new to the tunnelling industry.

In this study, numerical modelling has been adopted to investigate the load
sharing between the permanent primary and secondary linings and the concrete-
membrane interface stresses for a typical CSL tunnel in the long term. The
composite action is simulated using the previously validated interface parameters
and modelling approach. The load sharing effect is evaluated by examining the
long-term consolidation load effects (e.g. axial force and bending moment)
between the short and long-term (e.g. 120 years) stages in the primary and

secondary linings.
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6.1.2 Capacity evaluation for CSL tunnel lining

One of the common methods of evaluating the performance of a CSL tunnel is to
assess whether the primary and secondary linings have sufficient capacity to
sustain the lining forces. The use of the thrust-moment capacity curve in SCL
tunnel design was introduced in the early 1990s by Dr. Sauer et al. (1994) and
has now become a standard practice in the tunnelling industry. The capacity
curve is derived as a function of the maximum allowable bending moment and
axial force for a certain concrete cross-section, which is a powerful tool for
designing primary or secondary linings individually. However, it cannot be used
directly for the design of a CSL tunnel lining because the bending moment in each
component beam is not easily determined due to the asymmetrical compressive
and tensile stresses at both extreme fibre surfaces. This section presents the
derivation of a modified capacity curve that can be used for the design of CSL

tunnels.

Although practical tunnel linings experience both bending moment and axial
force, in most tunnelling specifications, beam tests have been used to evaluate
the pure flexural performance of the lining, such as the four-point bending test
(BSI, 2006). Assuming there are three beams: full composite beam (i.e. exhibiting
full composite action), composite beam (i.e. partial composite action) and non
composite beam (i.e. two adjacent beams without shear transfer at the interface),
each consists of a top and a bottom component beam of height h and width b.
According to beam theory, the flexural stiffnesses of the top (or bottom)
component beams are 4bh*/12 (half of the stiffness for the whole beam at
8bh®/12), Rbh?*/12 and bh?/12 respectively, where R is the flexural stiffness ratio
for the composite component beam versus that of the non composite component
beam. It is also understood from beam theory that the bending capacity of a
beam is proportional to its flexural stiffness, Young’s modulus of the material
and the maximum curvature. Therefore, if the three beams are made of the same
material and are able to deform to the same maximum curvature, their individual
bending moment capacities are purely proportional to their respective flexural
stiffnesses. Therefore, the composite beam flexural stiffness ratio is equivalent to

its bending capacity ratio.

As it has been difficult to directly measure flexural stiffness, an alternative

approach was adopted by measuring the vertical displacement of the beam
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instead. The flexural stiffness ratio (bending capacity ratio) between the
composite beam and the non composite beam could then be calculated by

inversing the respective vertical displacement ratio.

In Chapter 5, the vertical displacement for a composite beam with a short-term
base interface stiffness (Kn=8GPa/m and Ks=4GPa/m) was calibrated using the
numerical prediction and laboratory test results. Following the same method, the
vertical displacement ratio between a composite beam with the long-term base
interface stiffness (Kn=4GPa/m and Ks=2GPa/m) and a non composite beam has
been numerically determined as 0.56 (0.26400mm/0.4716mm). By inversing the
vertical displacement ratio, the flexural stiffness ratio (bending moment ratio)
between the two beams has been determined as 1.78, as this can be used as an
amplification factor to generate the capacity curve for the composite component
beam. It should be noted that the bending capacity ratio arises for different
primary/secondary lining thickness ratios and different interface stiffnesses,

which have both been taken into account in the following analysis.

Figure 6-1 shows two capacity curves. The black curve reflects that of a 300mm
thick non composite component beam with concrete grade of 32MPa and a
material partial factor of 1.5, which allows for material variability and a reduction
in strength and stiffness resulting from material degradation. The green curve is
for a 300mm thick partial composite component beam with the same grade of
concrete and partial factor but has an interface that is able to transfer the normal
and shear interface stiffnesses (composite action). This therefore allows allowing
the component beam to carry extra bending at the same level of axial force when
compared with the non composite component beam. No capacity contribution
from either steel rebar or structural fibers is included. The former has been
excluded such that “out of capacity” area on the lining can be identified and
reinforcement requirements established. The latter has been neglected due to the

small capacity contributed by the structural fibers.
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Figure 6-1 Capacity curves for non composite (black) and composite (green)

sprayed concrete linings

6.1.3 Bending moment/axial force ratio

For SCL tunnel lining design, the axial force in the lining is usually limited to half
that which corresponds to the peak axial force (i.e. below the bulge tip point level
of the capacity curve). Therefore, the capacity of the lining (e.g. whether
reinforcement is needed) can be assessed by the bending moment/axial force
(BM/AF) ratio, defined as follows:

Rpmjar = M/(N x 1m) Equation 6-1
Where

Rpm/ar: BM/AF ratio for either lining

M: bending moment for either lining

N: axial force for either lining

In this chapter, the lining capacity is evaluated by comparing the component
beam BM/AF ratio from the analysis results with the safety BM/AF ratio, at which

no additional steel reinforcement is needed. For example, Figure 6-1 shows that

122



Chapter 6

the safety BM/AF ratio for the composite component beam (green curve) is
around 0.17. The design point 1 has a BM/AF ratio of 0.05 - this is within the
limit of the capacity curve and therefore, no steel reinforcement is required in this
case. The design point 2 has a BM/AF ratio of 0.20 which exceeds the safety ratio
of 0.17, is outside of the capacity curve and, therefore, additional steel
reinforcement is needed. The advantage of this method over the traditional
approach using a capacity curve is the out of capacity section of tunnel lining can

be more easily identified, as shown in Figure 6-2.
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Figure 6-2 BM/AF diagram for a typical SCL tunnel lining.

6.1.4 Criteria of an efficient and robust CSL tunnel design

Chapters 1 and 2 have described the current trend of using steel fibres instead of
traditional steel bars as the main structural reinforcement for SCL tunnels and the
desire to utilise composite action to reduce the overall lining thickness.
Therefore, for this study, the criteria for an efficient and robust CSL tunnel design
are (1) minimised use of traditional reinforcement, a practice that leads to
prolonged construction programme, additional costs and installation associated
Health & Safety issues, and (2) reduced overall lining thickness, and (3) increased
robustness of CSL tunnels (i.e. whether the interface is able to maintain the

integrity of CSL tunnels under external loadings).
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6.2 Numerical Modelling Plan

In this Chapter, a series of numerical analyses was carried out to investigate how

to produce an efficient and robust CSL tunnel design.

This numerical analysis programme first investigated the base case scenario,
adopting a model with the long-term base normal and shear interface stiffnesses
from Chapter 4. The results, including the absolute magnitude of consolidation
lining forces, the evaluation of lining and interface capacities are presented and
used as a basis for further comparison. The lining capacity is checked to see if
additional reinforcement is needed in any part of the lining. The interface
capacity is checked to see if any debonding or slippage could occur at the

interface.

Following the base case investigation, three series of parametric studies were
carried out. The first series investigates the impact of variance in interface
stiffnesses on the behaviour of CSL tunnels, especially the requirements of

reinforcement in the lining. These parametric studies include:

(1) Variance in normal interface stiffness, Kn
(2) Variance in shear interface stiffness, Ks
(3) Variance simultaneously in Kn and Ks

The second series investigates whether an overall lining thickness reduction can
be achieved for CSL tunnels and its impact on the reinforcement requirement in

the lining. These parametric studies include:

(4) Variance in primary lining thickness (with secondary lining thickness held

constant)

(5) Variance in secondary lining thickness (with primary lining thickness held

constant)

The third series of parametric studies examines the robustness of the composite

SCL tunnel to external impacts, including:

(6) Nearby construction on one side of the SCL tunnel

(7) Nearby construction beneath the SCL tunnel.
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6.3 Modelling strategy for CSL tunnel

For this study, the modelling approach calibrated in Chapter 5 was used.

6.3.1 Long-term plane strain condition

SCL tunnel excavation is a complex soil-structure interaction problem and 3D
modelling has been used to understand the excavation-induced ground
deformations and lining forces (Thomas, 2003, Jones, et al. 2008). For this study,
since composite action is a long-term phenomenon and the SCL tunnel sequential

excavation is not the key focus, plane strain 2D analysis is used.

6.3.2 Model geometry and boundary conditions

A typical 2D plane strain FD mesh used in this study is shown in Figure 6-3. To
represent the soil strata of the London basin, the model was assumed to have a
depth of 58 m and a width of 140 m, and consisted of two materials, as indicated
in Table 6-1. The top and bottom boundaries of the model represent the ground
surface and the top of the Chalk bedrock (acting as a relatively incompressible
boundary) respectively. The side model boundaries were set at a distance
required to reliably predict lining forces and ground deformation around the
tunnels. The detailed CSL tunnel model showing the different parts of the lining
and the five key locations at which the results from the model will be analysed are

shown in Figure 6-4.

Coarse mesh Fine mesh

v vV

Made ground >

58m

London Clay —>

Excavated tunnel

| 140m
|

Figure 6-3 Global Model mesh

v
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London Clay

Primary lining top heading

Secondary lining top heading

Primary lining bench

Secondary lining bench

Invert

Secondary lining invert

Primary lining invert

Figure 6-4 CSL tunnel and surrounding ground mesh

Table 6-1 Geological stratigraphy

Depth from Base Thickness
Description
[ mMATD ] [ mMATD ] [m]
120.00 113.00 7.00 Made Ground (MG)
113.00 62.00 51.00 Upper London Clay (ULC) - unit B/A3

The model representing the ground consists of 28,500 finite difference zones in
total, organised into two main areas. The area of high stress and strain gradients
around the tunnel is represented by a fine mesh of 25,000 zones, each with
dimensions of 0.2m by 0.2m. The rest of the model is represented by a coarse
mesh of 3500 zones, continuously refined towards the tunnel. The model vertical
boundaries are fixed horizontally and the bottom boundary is fixed in both
vertical and horizontal directions. Overground development is simulated as a
75kPa surcharge applied at the ground surface. The model representing the lining
consists of 688 finite difference zones, half for the primary lining and half for the
secondary lining. The dimensions of most lining zones are approximately 0.15m

by 0.15m, with slightly bigger zones defined for the thick secondary lining invert
area.
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6.3.3 Ground model

Geotechnical parameters of the ground used in this study are summarised in
Table 6-2. They were derived from a series of site investigation and laboratory
tests (Mott MacDonald 2009c). Made Ground stiffness was modelled as linear,
constant with depth and independent of stress and strain. Previous calibration at
Heathrow has demonstrated that the behaviour of London Clay is best
represented by an anisotropic soil model with a higher stiffness in the horizontal
plane (Chang et al. 2001, Scott et al. 2003). However, the anisotropy of the soil
model is not important for investigation of the long-term load sharing between
primary and secondary linings. Thus an isotropic elastic perfectly plastic model
was adopted in this study. Nonlinear stiffness of London Clay was simulated by
the Jardine A* function (Eadington and Brian 2011, O’Brian and Harris 2013),
developed by the geotechnical team within Mott MacDonald. These parameters
are summarized in Table 6-3, in which z is the depth below top of London Clay.
The short-term (prior to and during construction) and long-term pore water
pressure profiles used in modelling are the same. The groundwater table is taken
at the top of London Clay, 7m below ground surface, and the water pressure
increases linearly to the bottom of the London Clay at a rate of 70% of hydrostatic

pressure.

Table 6-2 Geotechnical ground parameters

Soil stratum Made Ground |Upper London Clay
Bulk unit weight [ kNm~3] 20 20

Coefficient of earth pressure at rest K 0.5 1.2

Undrained shear strength ¢ [kPa] - 70+11~z

Effective cohesion ¢' [ kPa ] 0 10

Effective friction angle ¢ [ deg ] 25 20

Porosity n [ % ] 35 45

Drained Poisson’s Ratio v 0.3 0.1

Drained Elastic Modulus £ [ kPa ] 5000 ¢.and p' dependant

using Jardine function
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Table 6-3 Jardine A* parameters for Upper London Clay

A*hhO [kPa] | A B C a Y Eamin Eamax Ghin
[kPa]

5,500+60*z | 0.43 | 0.27 | 5.0*10° | 1.76 | 0.81 | 5.0*10-5 | 2.0*10° 6,000

6.3.4 SCL tunnel geometry and sprayed concrete models

The base case SCL tunnel primary and secondary lining geometries are shown in
Figure 6-5. The primary and secondary linings are both 300mm thick, except
where the secondary lining invert increases from 300mm at the edge to 650mm
in the middle. The tunnel is first excavated with a 5.3m diameter circular section
pilot tunnel, followed by enlargements in three steps: top heading (TH), bench
(BCH) and invert (INV). All the stated dimensions are extrados to extrados. Tunnel
axis level is set at 100m ATD. The lining is modelled using elastic zones attached
directly to the excavated ground. The primary lining joints between steps (e.g.
between TH & BCH) are assumed to be rigidly connected (full normal and shear
forces and bending moment transfer using FLAC command ‘attach’). Low stiffness
beams attached to the half-depth of zones were used to obtain lining axial force
and bending moment, as verified in Chapter 5. Discontinuities of plots will be
shown at the primary lining joints between steps because beam elements cannot

be used in zones in which ‘attach’ are also used.

Waterproofing
membrane system

Primarylining

B '3 ~ SCL pilot 2 — - " Secondary
T, tunnel Pt g/ lining

1500

5450
Top heading

10210

8456

2500
Bench

2760
Invert

Construction
" joint

Construction
joint
10850 Concrete invert

Figure 6-5 SCL tunnel primary and secondary lining geometry
To simulate the time dependent early age properties of sprayed concrete, Chang

and Stille’s equation (1993) has been used to obtain the development of stiffness
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under immediate loading within the first 28 days, shown as the red curve in
Figure 6-6. A corresponding stiffness curve for the long-term loading shown in
blue on the same figure was derived by adopting a creep factor of 2 based on
Eurocode 2 (BS EN 1992-1-1, 2004). After rapid development in the first day, the

long-term stiffness starts to increase more linearly with time.

35
30 /—(
25

0 |

15 -
10 -

Stiffness (GPa)

0 5 10 15 20 25 30
Age (Days)

Figure 6-6 Sprayed concrete stiffness development curve

It was assumed for the numerical analysis that the tunnel construction adopted
the following construction sequences; (1) two top heading, (2) double bench and
(3) double invert. Construction of each top heading was assumed to take 12
hours. Construction of the double bench and double invert were assumed 6 hours
each. The sprayed concrete stiffness used in the analysis was calculated
according to the age when the next construction step starts. For example, the age
of the tunnel crown lining is assumed as 24 hours following completion of the
two top headings, 30 hours following double bench excavation and 36 hours at

ring closure.

6.3.5 Modelling SCL Tunnel Construction in Soft Ground

The SCL tunnel construction-induced short-term ground deformation and lining
forces were simulated using the stress reduction method (Panet and Guenot
1982). This method assumes a fictitious tunnel internal pressure that is firstly set
equivalent to the initial ground stress and is then reduced by a certain percentage

to model the sequential tunnel excavation, allowing the lining to deform and
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carry a proportion of the initial ground stress. The specific stress relaxation ratios
have been calibrated against monitoring data for previous SCL tunnel

construction in London (Mott MacDonald 2010b) and are reproduced in Table 6-4.

The ground is assumed to behave in an undrained condition and the sprayed
concrete lining is modelled as an impermeable material. Tresca theory is used to
predict the shear strength of the soil. After installation of the primary lining,
undrained equilibrium of loads in the ground and tunnel lining is obtained. After
that, the interface elements, representing the sprayed concrete-membrane
interface and the zones, representing the secondary lining, are installed and
assigned their long-term properties. Drained equilibrium is executed and Mohr-

Coulomb theory used to predict the shear strength of the soil.

Table 6-4 Stress relaxation ratios

Tunnel Stage TH BCH INV
SCL Pilot Full face excavation 100%-50%
tunnel Lining installation 50%-0%
Enlarge whole tunnel | 100%-75% 100% 100%-75%
SCL tunnel Install TH lining 75%-50% | 100%-75% | 75%-50%
enlargement Install BCH lining 50%-25% 75%-50% 50%-25%
Install INV lining 25%-0% 50%-0% 25%-0%

6.3.6 Interface parameters

Interface elements had been used in the CSL tunnel to enable the simulation of
composite action between the two layers of tunnel lining as well as the
sandwiched layer of sprayed membrane. Previous research concluded that for a
nominal membrane thickness between 2mm and 4mm, the best fit base value
short-term normal (kn) and shear (ks) interface stiffnesses are 8GPa/m and
4GPa/m respectively. It also found that long-term stress after relaxation for the
interface under compression, tension and shear is between 46% and 59% of initial
stress. For this study, a creep factor of 2 was assumed to calculate the base long-
term interface parameters (kn=4GPa/m and ks=2GPa/m). The interface was
assumed to be linear elastic-perfectly plastic with tensile and shear strengths of

0.8MPa and 2.0MPa respectively, both of which were the minimum values
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obtained from the laboratory tests. These interface parameters were used in the

base case analysis.

6.4 Base case results

6.4.1 Short-term lining forces

Figure 6-7 shows the primary lining short-term axial force and bending moment.
The axial force gradually increases from 850kN at the crown to around 1100kN
above the axis, and then reduces to around 450kN at the invert. This is attributed
to the fact that the lining at the top heading is the first part to be built and thus
takes more axial force when compared to the bottom half of lining. The biggest
bending moment occurs between the axis and the knee, with values around

25kNm, attributed to the reduced radius of lining curvatures.
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Figure 6-7 Primary lining short-term axial force and bending moment

6.4.2 Load sharing for the consolidation loads

Figure 6-8 shows the long-term consolidation axial force and bending moment
for the primary and secondary linings. The primary lining shares more axial force
above the shoulder and below the knee whilst sharing less between the shoulder
and the knee. It is noteworthy that 50kNm of pure tension occurs at the

secondary lining crown. The reason for this is discussed in the following sections.
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The secondary lining shares more bending moment at all positions except around
the knee. This is due to the complex ground-structure interaction and the
composite actions between the primary and secondary linings, and is further

discussed in the following sections.
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Figure 6-8 Long-term consolidation axial force and bending moment for the

primary and secondary linings

6.4.3 Lining capacity and BM/AF ratio

Figure 6-9 shows two lining capacity curves, from Figure 6-1, superimposed with
the total lining forces for the primary and secondary linings. It shows the primary
lining forces are well within the capacity curve whilst some of the secondary
lining forces are outside the capacity curve. The BM/AF ratio diagram is used to
explore the lining positions with insufficient capacity (Figure 6-10). The primary
lining BM/AF ratios at all positions are below 0.1, lower than the safety ratio of
0.17 by the red line in Figure 6-9, so no reinforcement is needed. In contrast, the
BM/AF ratios for the secondary lining above the shoulder and below the knee are
either greater than the safety ratio of 0.17 (bending failure) or less than 0
(tension failure), meaning reinforcement is needed at these two positions. No

reinforcement is needed for the other parts of the secondary lining.
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6.4.4 Behaviour of the interface

Figure 6-11 shows the base case normal and shear interface stresses. The
maximum normal interface stress is around 20kPa in compression (positive value)
at the crown and changes almost linearly to the maximum tension around -
150kPa (negative value) at the axis. It then reduces to around zero at the
construction joints between the knee and the invert before increasing back to -

70kPa (tension) at the centre of the invert, well below the tension limit of 0.8MPa.

The tension interface stresses at the axis indicate the secondary lining has been
stretched horizontally outwards, pulling the crown into tension. The normal
interface stress at the invert was in tension, mostly due to the bigger bending
moment in the secondary lining invert introducing greater deformation than that
in the primary lining invert. This is consistent with the lining deformation as
shown in Figure 6-12, in which a red circle shows the (approximate) original

tunnel profile prior to the deformation.

The shear interface stress varies between 0 and 150kPa from crown and axis and
changes to -170kPa (opposite direction) at the knee, before returning to zero at
the centre of the invert. These values are all below the shear stress limit of 2MPa.
The two biggest shear interface stresses (biggest bending curvatures) occur at the
shoulder and knee, corresponding with the lining deformation as shown in Figure
6-12.
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Figure 6-11 Normal and shear interface stresses
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Figre 6-12 Dfrmation of a L tunnel

6.4.5 Degree of composite action

Figure 6-13 and Figure 6-14 compare the axial force and bending moment of the
base case CSL with that of full CSL (i.e. CSL tunnel with full composite action) and
non CSL (DSL) tunnels of the same dimensions and ground conditions, to quantify
its degree of composite action. It can be seen that the axial forces of the base
case are very close to those of the full CSL tunnel whilst the bending moment of

the base case varies between the corresponding full and non CSL tunnel values.
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Figure 6-13 Long-term consolidation axial force for primary lining and the axial

force for secondary lining.
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Figure 6-14 Long-term consolidation bending moment for primary lining and

the bending moment for secondary lining.

6.5 Influence of normal interface stiffness Kn

This and the following two sections investigate the impact of variance in interface
stiffnesses on the behaviour of the CSL tunnel. These analyses address the
following scenarios; (1) use of a different membrane product with different
interface parameters and (2) variance of workmanship during the membrane

interface preparation.

For this study, the interface normal stiffness Kn was magnified by 10 and 100
times as well as reduced to 1/10 and 1/100 of the base value. The results have

then been compared with the base value to evaluate their sensitivity.

6.5.1 Axial force

Figure 6-15 shows that the primary lining long-term consolidation axial force
decreases and the secondary lining axial force increases with an increase in
normal interface stiffness prior to reaching the base Kn value of 4GPa/m at all

positions except the crown and the invert. This follows the trend that the greater
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the normal interface stiffness, when Kn is less than the base value more
consolidation loads are taken by the secondary lining. When Kn is at the base
value, the primary lining has transferred all of its transferable forces to the
secondary lining, mostly due to the tunnel deformation. Therefore, further
increase in the Kn value does not correspond to a further increase the transferred

lining forces.

The biggest axial force transfer occurs at axis level. It is noteworthy that no
tension occurs at the secondary lining crown and less compression is experienced
at the axis for the lowest normal interface stiffness case (Kn=0.04GPa/m). This is
mainly because the weak interface stiffnesses allow the secondary lining to

deform more freely, reducing the “stretching” effect at the crown.
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Figure 6-15 Sensitivity of primary and secondary lining axial force to normal

interface stiffness Kn

6.5.2 Bending moment

Figure 6-16 shows that, prior to the base value, the higher the normal interface
stiffness, the higher the long-term consolidation bending moment in the primary

and secondary linings.
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6.5.3 Evaluation of lining capacity

Similar to the base case, the capacity of the primary lining is not a concern as the
normal stiffness is varied. A calculation shows the safety BM/AF ratios for these
five cases are between 0.12 (lowest Kn case) and 0.18 (highest Kn case). Figure
6-17 shows that all cases for the secondary lining exceed the safety BM/AF ratios
above the shoulder and below the knee but also below the safety ratio between
the shoulder and the knee. The lower the normal interface stiffness, the lower the
BM/AF ratio. This trend does not apply to the Kn=0.04GPa/m case because its
secondary lining axial force is much lower than the other cases but its bending
moment is similar to that of the Kn=0.4GPa/m case, leading to a higher BM/AF

ratio.

6.5.4 Interface stresses

Figure 6-18 and Figure 6-19 show that the normal and shear interface stresses
increase significantly when the normal interface stiffness Kn increases from
0.04GPa/m to 0.4GPa/m but only slightly when Kn further increases. This
corresponds with previous observations on the axial force and bending moment.

The maximum normal and shear interface stresses are 20kPa (compression),
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130kPa (tension) and 160kPa (shear) respectively, all of which are well within the

interface stress limits.
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6.6 Influence of shear interface stiffness Ks

For this study, the interface shear stiffness Ks was varied using the same
magnification and reduction factors used in the Kn investigation. The results have

then been compared with the base value to evaluate their impact.

6.6.1 Axial force

The trend in Figure 6-20 is very similar to that in Figure 6-15 in that the biggest
secondary lining axial force occurs at the axis. The lower the shear interface
stiffness, the higher the compression axial force observed at the secondary lining

crown.

6.6.2 Bending moment

The trend in Figure 6-21 is also very similar to that observed in Figure 6-16 in
that the higher the shear interface stiffness, the higher the bending moment in
the primary and secondary linings. One noteworthy point is that the maximum
primary and secondary lining bending moments are around 95kNm and 80kNm
for the Kn=4GPa/m and Ks=200GPa/m cases. This is approximately double the

corresponding maximum bending moments for the Kn=400GP/m and
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Ks=2GPa/m cases respectively. This confirms the previous conclusions that Ks

has a bigger impact on the degree of composite action.
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6.6.3 Evaluation of lining capacity

A calculation shows the safety BM/AF ratios for these five cases are between 0.12
(lowest Ks case) and 0.28 (highest Ks case). Figure 6-22 shows that all cases
exceed the safety BM/AF ratios above the secondary lining shoulder and below
the knee, as also observed in the Kn sensitivity study results. All other lining
positions are within the safety ratio. It also shows that the lower the Ks value, the
safer the secondary lining, except for Ks=0.02GPa/m case, as discussed

previously.

6.6.4 Interface stress

The shapes of the normal and shear interface stress plots of this Ks parametric
study are very similar to those for Kn. The interface stresses increase significantly
when the shear interface stiffness Ks increases from 0.02GPa/m to 2GPa/m, but
only slightly when Ks further increases. The maximum normal and shear interface
stresses are 30kPa (compression), 160kPa (tension) and 220kPa (shear)

respectively, well within the interface stress limits.
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6.7 Simultaneous influence of Kn and Ks

The effect of varying Kn and Ks simultaneously was established by multiplying the
previously stated multiplication factors. The results will then be compared with
the base value to evaluate their impact. Only the conclusions are presented here

and the plots for this Section are shown in Appendix D.

6.7.1 Axial force

The results confirm the previous observation that (1) the higher the normal and
shear interface stiffness, the higher proportion of load that is transferred from
the primary to the secondary lining, (2) a tension force would occur at the
secondary lining crown when Kn and Ks are equal to or bigger than the base
values and (3) there is little change in axial force for further increase in Kn and Ks

above the base values.

6.7.2 Bending moment

The results confirm the previous observation that (1) the higher the normal and
shear interface stiffness, the higher the bending moment for both the primary
and secondary linings, (2) increasing both interface stiffnesses simultaneously
from the base values significantly increases the magnitude of bending moment,
and (3) Reducing the two interface stiffnesses simultaneously from the base
values would reduce the magnitude of the bending moment, but to a much lesser

extent than that compared with the stiffness increase scenarios.

6.7.3 Evaluation of lining capacity

Calculation shows that the safety BM/AF ratios for these five cases are between
0.12 (lowest Kn & Ks case) and 0.30 (highest Kn & Ks case). Results show that the
primary lining is safe for all cases, whilst the secondary lining is safe only

between the shoulder and knee, as previously observed.

6.7.4 Interface stress

The maximum normal and shear interface stresses are very close to those values

in the Ks sensitivity study and are all within the interface stress limits.
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6.8 Influence of lining thickness

This section investigates the impact of variance in lining thickness on the
performance of both linings and the interfaces, from which recommendations for

an efficient CSL tunnel design can be drawn.

This investigation consisted of two analysis parts. In the first stage, the primary
lining thickness was varied from 50mm to 300mm at 50mm intervals, whilst the
secondary lining thickness was kept constant at 300mm. Therefore the
primary/secondary lining thickness (P/S) ratio ranged from 1/6 to 1. In the
second stage, the secondary lining thickness was varied from 50mm to 300mm at
50mm intervals, whilst the primary lining thickness was kept constant at 300mm,
leading to ratio ranges from 1 to 6. For the purpose of this investigation, only the
BM/AF ratio and interface stress results are presented and discussed. Other

results are shown in Appendix E.

6.8.1 Evaluation of lining capacity (P/S<1)

Figure 6-23 shows the sensitivity of the primary lining BM/AF ratio to varying P/S
ratios (P/S ratio<1). Similar to previous observations, the primary lining in all
cases is safe. The smaller the P/S ratio, the “safer” the primary lining. This is
mostly attributed to a faster reduction in bending moment than the

corresponding reduction in axial force.

Figure 6-24 shows the sensitivity of the secondary lining BM/AF ratio to varying
P/S ratios (P/S ratio<1). The smaller the P/S ratio, the “safer” the secondary
lining. Similar to previous observations, the secondary lining between the
shoulder and the knee is safe for all cases and the secondary lining at the invert
always demonstrates a need for reinforcement. When the P/S ratio is smaller than

0.5, the secondary lining crown does not require reinforcement.

144



~

0.08
1]
s 0.07
o &N
§ 0.06 P
0 0.05 e *
o0 [ J
c ° %
= 0.04 R XM . »
- MKk [ ]
g o003 ° . 2 ."\5
g . ® X MK ‘. KK
o— X
& 0.02 L =

0 01 TR M R

3R '?'*f
0

Axis Invert

Crown
Position around tunnel lining
* P/S=0.16 = P/S=0.33 4 P/S=0.50
X P/S=0.66 x P/$=0.83 ® P/S=1.00

Figure 6-23 Sensitivity of BM/AF ratio for primary lining to varying

primary/secondary lining thickness ratio (P/S ratio<1)
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Figure 6-24 Sensitivity of BM/AF ratios for secondary lining to varying
primary/secondary lining thickness ratio (P/S ratio<1)
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6.8.2 Evaluation of lining capacity (P/S>1)

Figure 6-25 shows the sensitivity of the primary lining BM/AF ratios to varying

P/S ratio (P/S ratio=1). Similar to previous observation, in all cases the entire
primary lining ring is safe. The greater the P/S ratio, the “safer” the primary lining.
This is mostly attributed to a faster increase in axial force than the corresponding

increase in bending moment.

Figure 6-26 shows the sensitivity of the secondary lining BM/AF ratios to varying
P/S ratio (P/S ratio=1). The bigger the P/S ratio, the “safer” the secondary lining.
Similar to previous observation, the secondary lining between the shoulder and
the knee is safe for all cases and the secondary lining at the invert always
demonstrates a need for reinforcement. When the P/S ratio is bigger than 3.0, the

secondary lining crown does not require reinforcement.
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Figure 6-25 Sensitivity of BM/AF ratios for primary lining to varying

primary/secondary lining thickness ratio (P/S ratio=1)
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Figure 6-26 Sensitivity of BM/AF ratios for secondary lining to varying

primary/secondary lining thickness ratio (P/S ratio=1)

6.8.3 Interface stress (P/S<1)

Figure 6-27 shows the sensitivity of normal interface stress to varying P/S ratio
(P/S<1). The smaller the P/S ratio, the bigger the normal interface stress. This is

mainly due to the thicker secondary lining sharing more consolidation loading.

Figure 6-28 shows the sensitivity of shear interface stress to varying P/S ratio
(P/S<1). The closer to 1 the P/S ratio, the bigger the shear interface stress,
confirming the principle established in Chapter 5 that the degree of composite
action (i.e. the magnitude of shear interface stress) is most significant when the

interface is located at the half-depth of composite linings.

All shear interface stresses are less than 170kPa, well below the shear stress limit
of 2MPa.
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6.8.4 Interface stress (P/S>1)

The sensitivity of normal and shear interface stresses to P/S ratio (P/S ratio=1)
are very similar to those for P/S ratio<1. The smaller the P/S ratio, the bigger the
normal interface stress, mainly attributed to a bigger stiffness of the thicker
secondary lining. The highest normal interface stress is around 150kPa in tension
at axis level. The closer to 1 the P/S ratio is, the bigger the shear interface stress.
This again confirms the principle that the degree of composite action (i.e. the
magnitude of shear interface stress) is most significant when the interface is
located at the half-depth of composite linings. All shear interface stresses are

less than 170kPa, well below the shear stress limit of 2MPa.
6.9 Influence of nearby construction

6.9.1 Investigation and modelling strategy

Two investigations into the effect of nearby construction were carried out;

simulating works adjacent to the CSL tunnel and those directly beneath it.

For these investigations, rather than modelling the actual underground
construction operations (e.g. tunnelling or diaphragm wall construction), notional
forces were applied in the nearby ground to introduce shear strains of the
magnitude that could reasonably be generated by such activities. Atkinson and
Salfors (1991) and Mair (1993) reported the shear strain ranges for different types
of underground construction, from which the tunnel construction usually

generates shear strains of between 0.1 and 1%.

For each investigation, five cases were analysed with different clear distances
between the notional forces and the closest tunnel linings: 2m, 4m, 6m, 8m and
10m. In each case, 100kPa pressure was applied to a linear boundary acting
either away towards the right or away beneath the tunnel. This generated a shear
strain of around 1% in the ground at the notional force linear boundary at the
upper half of the tunnel level and smaller values when the depth increases. The
shear strain generated in this study therefore represents a conservative case (e.g.
the upper limit of shear strain). The linear boundary has the same length as the
tunnel diameter. A schematic diagram for this parametric study is shown in
Figure 6-29.
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The SCL tunnel diameter is approximately 10m and the gap between the tunnel
and stress linear boundary is between 2m-10m, therefore, the analysed cases

could be generalised by introducing a gap distance to tunnel diameter ratio:

_ Dy i -
Ry = >, Equation 6-1
Where:

R,: clear gap distance to tunnel diameter ratio (abbreviated as GT ratio)

Dg: clear gap distance from the extrados of tunnel to the nearby construction (i.e.
stress linear boundary) (unit: m)

D;: tunnel diameter (unit; m)

As the main purpose of this study is to investigate the robustness of the CSL
tunnel, only interface stress results are presented and discussed here. All other

results are shown in Appendix F.
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Figure 6-29 Schematic diagrams of notional forces applied to the CSL model

simulating nearby construction (the arrows represent the direction of applied

force)
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6.9.2 Interface stress - beneath construction

Figure 6-30 and Figure 6-31 show that the smaller the GT ratio, the greater the
change in the normal and shear interface stress at all lining positions. However,
all the interface stresses are less than 50kPa and therefore, well within the

interface stress limit.
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Figure 6-30 Sensitivity of normal interface stress to the underneath construction
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6.9.3 Interface stress - right hand side construction

Figure 6-32 shows that the maximum compression occurs at the connection
between knee and invert and the maximum tension occurs at axis, both at a
magnitude of 400kPa. This represents 50% of the tensile stress limit (800kPa
established in Chapter 4).

Figure 6-33 shows that the maximum shear stress occurs between the axis and
the knee, with a magnitude of about 650kPa. This is significantly lower than
shear stress limit of 2MPa established in Chapter 4. Both Figures show that the

closer the proximity of the RHS construction, the greater the interface stresses.
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Figure 6-32 Sensitivity of normal interface stress to RHS construction
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6.10 Summary

This Chapter has investigated efficient and robust CSL tunnel design by
presenting the results obtained from a series of numerical modelling analyses on
a typical CSL tunnel. The impact of variance in interface stiffness, primary and
secondary lining thicknesses and external loadings was evaluated. The following

has been established:

1. The base case CSL tunnel, adopting the long-term base interface
stiffnesses, demonstrates a certain degree of composite action.

2. The real benefits of CSL tunnels when compared with the traditional SPL
and more recent unbonded DSL tunnels is that the interface tensile and
shear bonds prevent the long-term water pressure from only applying to
the secondary lining, instead it acts mostly on the primary lining, leading
to a possible reduction in secondary lining thickness.

3. The high degree of composite action (i.e high normal and shear interface
stiffnesses) may introduce high bending moments to the secondary lining,

resulting in additional reinforcement required in the secondary lining
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crown. It is therefore not conservative to design a CSL tunnel as a DSL
tunnel without taking account of the shear interface stiffness.

4. For CSL tunnels, when the secondary lining thickness is less than or equal
to half of the primary lining thickness (or the primary lining thickness is
more than or equal to three times of the secondary lining thickness under
special circumstances), no reinforcement is needed for the secondary
lining crown. This results in an efficient CSL tunnel design from both
reinforcement saving and lining thickness reduction perspectives.

5. The interface compressive, tensile and shear stress limits obtained from
previous element tests are sufficient to resist interface stresses that occur
in the parametric cases investigation in this chapter, and are able to
maintain the integrity of CSL tunnels.

6. The numerical analyses presented in this chapter demonstrate that CSL
tunnels can be designed using the tested interface parameters and
validated numerical modelling approach, resulting in an efficient CSL

tunnel design.
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Chapter 7: Summary of Discussions

7.1 Background to this project

SCL tunnelling is an established method which is able to generate underground
spaces in a wide range of shapes and sizes. The tunnelling industry has long
been seeking to understand, if it can be demonstrated to exist, the performance
of the CSL tunnels. Being able to answer these questions would open the door for
more efficient design of CSL tunnels. In response to this urgent call, the author
has carried out extensive laboratory experimentation and numerical modelling on

this topic and the findings have been presented in this thesis.

7.2 Contribution to the knowledge of CSL

In order to take advantage of the potential composite action at the membrane
interface between the primary and secondary linings, reliable interface
parameters are required. Prior to this research, only a few “unpublished”
documents on the properties of different sprayed membranes were produced by

their manufacturers.

There were uncertainties regarding the data presented in those documents. Firstly,
only small numbers of samples were tested, which does not provide sufficient
statistical evidence for determining the interface properties. Secondly, most of

the data presented were either for the material properties of the sprayed
membrane itself or the interface properties between the sprayed membrane and
steel. Application of the former requires further consideration of primary lining
surface finish roughness and the latter does not apply to the sprayed concrete-
membrane interface. Furthermore, there was no long-term data available, a key

requirement for the design of CSL tunnels to the common design life of 120 years.

This research presents the first published results on the interface properties of a
sprayed waterproofing membrane, based on a systematic testing programme and
verification process. The test results are for samples cut from CSL panels and

both short and long-term results are presented.

It should be noted that the CSL panels used in this research were produced in an
industrial yard owned by a SCL specialist contractor, who was involved in the

construction of Crossrail SCL tunnels. The sprayed concrete and sprayed
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membrane mixes both complied with the Crossrail specifications and are
therefore representative of materials currently used in the UK tunnelling market.
The impact of variation of workmanship is not within the scope of this research
and all CSL panels were sprayed by a single nozzleman who had achieved the SCL

spray certification (EFNARC) required by Crossrail.

One of the significant features of this research is that some of the test results
outlined in this thesis have already been used in the design of the SCL tunnels in

Crossrail itself - Europe’s biggest construction project.

7.3 Laboratory testing for Interface parameters

The degree of composite action at the interface between the primary and
secondary linings in CSL tunnels is mainly controlled by the normal and shear
interface stiffness. This research has used some well-established testing methods
to determine these parameters and has also developed some innovations in
testing, including the use of steel plates and epoxy resin to apply normal tensile
stresses to the test samples directly. This research has involved both the (1) test
and verification of interface parameters using different testing configurations on
a large number of CSL samples (with one specific brand of membrane), and (2)
presentation of both short and long-term relaxation test results for the interface

parameters.

Two factors were evaluated for their impact on the normal and shear interface

stiffnesses: primary lining surface finish and measured membrane thickness.

The primary lining surface finish has a significant impact on the compressive
interface strength and first loading stiffness, shear interface strength, first
loading and cyclic loading stiffnesses, but not on compressive interface cyclic
loading stiffness, tensile interface strength, first loading and cyclic loading

stiffnesses.

The measured membrane thickness has a high degree of influence on the
compressive interface strength, first loading and cyclic loading stiffnesses, tensile
interface first loading and cyclic loading stiffnesses, shear interface strength, first
loading and cyclic loading stiffness. However, it does not exhibit a significant

effect on the tensile interface strength of the tested samples.
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Statistical analysis of test results was carried out. It was identified that (1) the
interface stiffnesses for samples with smooth and regulated primary lining
surface finishes were similar, (2) a thicker membrane interface is weaker than a
thin membrane interface in compression and shear but equally strong in tension
and (3) the extent of interface stiffness reduction introduced by an increase in the
membrane thickness is greater than that caused by an increase in primary lining
surface finish roughness (interface roughness). Therefore, it is concluded that
membrane thickness has a bigger impact on the degree of composite action for a

CSL structure than primary lining surface finish.

7.4 \Verification of interface parameters and modelling

technique

This research has presented and verified a proposed finite difference numerical
modelling approach for composite action in a sandwiched structure, using zones
to model the sprayed concrete lining and interface elements or zones to model

the sprayed concrete-membrane interface. The verification included two steps.

The first step was to compare the results from laboratory four-point bending
tests on a pure shotcrete beam with numerical analysis and a closed-form
equation. This step was required to confirm (1) the sprayed concrete Young’s
modulus (by comparing it with the results from previous element tests), (2) the
testing configuration (whether the beam is deformed in pure bending and the
boundary condition effect), and (3) the accuracy of the laboratory beam test

readings (from potentiometers and strain gauges).

Following verification of the model for the pure shotcrete beam, the second step
was to compare the results from laboratory four-point bending tests of a series
of composite beams with corresponding numerical analyses to verify the interface
parameters used in the CSL beam models. This verification step demonstrates the
proposed modelling approach is able to simulate the behaviour of composite

beams.

A method for quantifying the degree of composite action was established and
used to assess the laboratory tested and numerical analysed CSL beams. The
results of an interface stiffness parametric study showed that the shear interface
stiffness has a larger influence than the normal interface stiffness on the degree

of composite action. The interface optimal position investigation showed that the

157



Chapter 6

maximum degree of composite action is achieved if the interface is located at the
mid-depth of the CSL beam. The beam thickness optimisation study showed that
a 37% overall CSL beam thickness reduction can be achieved when composite

action for a CSL beam in pure bending is considered.

7.5 Investigation of the performance of a CSL tunnel

In order to investigate and establish an efficient and robust design for CSL
tunnels, a typical CSL tunnel, consisting of permanent primary and secondary
linings separated by a sprayed waterproofing membrane, was modelled within
typical soft ground at shallow depth in plane strain. This model includes the
following key features: soil-structure interaction, staged construction and a
calibrated modelling approach for composite action. The base long-term
interface stiffnesses previously verified against laboratory data were used in the

base case model.

The performance of the base case CSL tunnel was compared with that of a full
CSL (i.e. CSL tunnel with full composite action) and a non CSL (DSL) tunnel and a

certain degree of composite action was identified.

A parametric study on the impact of interface stiffness variation on the
performance of the CSL tunnel was carried out to explore the simulated effect of
different membrane materials. It was found that a reduction of normal and/or
shear interface stiffnesses from the base case long-term values significantly
reduced the axial force transferred from the primary to the secondary lining. The
bending moment in both linings was also significantly reduced. An increase of
normal and/or shear interface stiffness had little impact on the axial force and
bending moment transfer between the two linings. It was also found, with the
base case CSL tunnel configuration, that no matter how the interface stiffnesses
vary, reinforcement is not needed in the primary lining but always needed above

the shoulder and below the invert for the secondary lining.

A parametric study on the impact of primary/secondary lining thickness ratio (i.e.
keeping one lining thickness constant at 300mm and reducing the thickness of
the other lining gradually from 300mm to 50mm at 50mm intervals) the
performance of CSL tunnels was carried out to investigate what overall lining
thickness reduction can be achieved if composite action at the interface is utilised.

It was also found that the ratio has a major impact on the reinforcement
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requirement in the secondary lining above the shoulder but has no impact on itin
other lining positions. When the ratio is less than 0.5 or more than 3.0, no
reinforcement is needed in the secondary lining above the shoulder. The result of
the former case was attributed to the faster increase in axial force than the
corresponding increase in bending moment in the secondary lining. Conversely,
the result of the latter case was attributed to the faster reduction in bending
moment than the corresponding reduction in axial force in the secondary lining
when compared with the base case. The reinforcement requirement for other
lining positions (i.e. below the shoulder) is the same as the base case

configuration tunnel.

A parametric study on the impact of nearby construction beneath or to the side of
a CSL tunnel on the performance of the lining was carried out, with the intention
of investigating its ability to maintain composite integrity under external loading.
It was found that construction to the side has much greater impact on interface
stresses than construction beneath the tunnel and can generate a relative high
interface tensile stress. However, the interface strength is sufficient to resist this

tensile stress and the integrity of the CSL tunnel is maintained.

7.6 Implications for CSL tunnel design

This research shows that the key to ensuring an efficient CSL tunnel design (i.e.
not requiring reinforcement above the tunnel shoulder in the secondary lining is
to choose suitable primary and secondary lining thicknesses that lead to a
primary/secondary lining thickness ratio of either less than 0.5 or bigger than
3.0. This will maximise the axial force but minimise the bending moment in the

secondary lining whilst ensuring the CSL configuration.

For a CSL tunnel in an urban environment, the primary lining usually takes not
only the ground and water loads, but also additional compensation grouting
pressures and additional lining forces caused by the construction of cross
passages. It is therefore suggested to install a relatively thicker primary lining
(e.g. primary/secondary lining thickness ratio bigger than 3.0) to take all short-
term loads as well as a significant proportion of the long-term loads, whilst
applying a thinner secondary lining for fireproofing and internal load support

purposes.
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This research also highlights that the “way of thinking” for CSL tunnel design may
be somewhat counter-intuitive when compared to SPL or DSL approaches. For CSL
tunnels, reducing the lining thickness may lead to a safer lining as the tunnel
design process is more about achieving an optimum BM/AF ratio in the lining
rather than just varying the bending moments. With particular reference to the
base case tunnel, when the results show that reinforcement is needed above the
secondary lining shoulder, the traditional resolutions would be (1) thicken the
lining and (2) add reinforcement. These approaches are typical of a traditional
structural engineering frame of reference and focus purely on increasing the
bending moment capacity of the lining. This research demonstrates that an
alternative effective way to resolve the issue is to reduce the secondary lining

thickness, hence reducing the BM/AF ratio in the secondary lining.

For CSL tunnels that are designed as bonded DSL tunnels, although a certain
degree of tensile bond is assumed at the sprayed concrete-membrane interface,
which in turn leads to a large proportion of the long-term water and ground
loads taken by the permanent primary lining, ignoring the interface shear
stiffness could result in a lower estimation of the bending moment in both the

primary and secondary linings, resulting in an unsafe tunnel design.

7.7 Advantages over other SCL tunnel configurations

The main advantage of using the CSL tunnels over other SCL tunnel

configurations is outlined in this section.

For SPL tunnels, the primary and secondary linings have been traditionally
designed specifically for the short and long-term loads respectively. The primary
lining was treated only as a temporary structure, mainly due to concerns about
the long-term durability of sprayed concrete as well as the unknown lining
forces. This in turn raised several concerns about material wastage for the

primary lining, as described in Chapter 2.

For unbonded DSL tunnels (e.g. where sheet membrane is installed between a
sprayed primary and a cast in situ secondary lining), the lack of tensile and shear
bond at the sprayed concrete-membrane interface means ground water which
penetrates the primary lining construction joints will apply long-term water
pressure directly onto the secondary lining, resulting in a reduction in the primary

lining axial force. Meanwhile, the primary lining will take additional consolidation
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bending moment arising from the further long-term lining deformation, leading
to a bigger BM/AF ratio and, thus, the possible formation of cracks in the primary
lining. The current design of a permanent primary lining in a DSL tunnel usually
uses steel fibre as structural reinforcement. The assumed strain softening post-
crack behaviour means a single crack would occur and continue to develop if the
lining forces reach and exceed the lining capacity. The crack development will
introduce durability issues (i.e. corrosion of the steel fibres) and possibly lead to
a degradation of the permanent primary lining to a sacrificial lining in the long-

term, raising the same material wastage issue.

This research has demonstrated that, by using the CSL tunnel configuration, the
wastage of concrete material in other SCL tunnel configurations can be avoided.
This advantage arises mostly from the changed axial force and bending moment

distribution between the primary and secondary linings.

7.8 Interface property implications

In order to achieve the desired design effect for the CSL tunnel, there are two

”s

“desired properties” for the sprayed concrete-membrane interface. Firstly, the
interface should have strong tensile and shear bonds. This will ensure the
integrity of the CSL tunnel is maintained under external loading and will lead to
the stiffer primary lining (i.e. bigger axial force than that in the secondary lining)
taking most of the long-term loads. Secondly, the interface should have low
normal (i.e. in compression and tension) and shear stiffnesses that reduce the

load transfer from the primary lining to the secondary lining.
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Chapter 8: Conclusions and

Recommendations

8.1 Conclusions

The main conclusions from this project are as follows;

(1) There is significant composite action at the interface between the primary
and secondary lining for a CSL tunnel with sandwiched spray applied
waterproofing membrane. The degree of composite action for the CSL
tunnel is mainly controlled by the nominal membrane thickness. Variation
in primary lining surface finish has little impact on the degree of

composite action for a CSL tunnel.

(2) The CSL tunnel with sandwiched spray applied waterproofing membrane is
able to maintain its integrity and functionality under the variations of
external loading, such as long-term water pressure and nearby
construction. No tensile debond or shear slippage occurs for the analysed

scenarios.

(3) The representation of sprayed concrete lining by zones and spray
concrete-sprayed membrane interface by either interface elements or
zones in the composite CSL numerical model was found to be a successful
approach for predicting its behaviour. The composite beam model could
provide detailed information on stresses and strains through the beam

depth, out-performing traditional tunnel models using beam elements.

(4) For the CSL tunnel in the base case configuration, no matter how the
interface stiffnesses vary, reinforcement is always required in the
secondary lining above the shoulder and below the knee. No reinforcement

is required in other lining positions.

(5) The key for an efficient CSL tunnel design is to select suitable primary and
secondary lining thicknesses rather than fine tuning the interface

parameters.
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8.2 Recommendations for further work

CSL is a new type of tunnel lining configuration, which has only recently been
adopted in practice. This research has investigated the impact of some interface
characteristics on the behaviour of the composite SCL tunnel. However, it should
be noted that this research has involved many simplifications when compared
with real SCL tunnel design and construction. In order to further the
understanding of CSL tunnels performance, the following recommendations for

further work have been identified:

(1) Detailed interface roughness characterisation should be carried out to
understand at a fundamental level the impact of interface roughness and
membrane thickness on the interface normal and shear stiffnesses and
whether it is possible to achieve the combination of strong tensile and
shear bounds and low normal and shear stiffnesses that would give

optimal CSL lining performance

(2) Adopt advanced linear elastic perfectly plastic sprayed concrete and
sprayed membrane interface constitutive models to better predict the
performance of CSL tunnels. A particular interest is the cracked lining
situation where reinforcement is not present (some clients allow for the

occurrence of cracks of low crack width under certain circumstances)

(3) Use monitoring data (e.g. data from pressure cells and fibre optics) from
Crossrail CSL tunnels to verify the CSL tunnel numerical modelling

approach and interface parameters
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Appendix A
Appendix A Sample Cutting Plan

Panels No. 1-12 were prepared in two sets with each set consisting of 6 panels,
differentiated by interface roughness (e.g. smooth, regulated and as-sprayed)
and target membrane thickness (e.g. 3mm and 6mm). The six types of panels are

shown in Figure A-1.
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Figure A-1 Panels with 6 types of interfaces
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The two sets of panels were cut to obtain different types of samples according to

the two diagrams in Figure A-2.

800
100 | 150 150 |50| 100 [50/100 |100
o =
S 3
[N
OO0 [E
© 0O [5
Q o
o | =
3
[N
© 0O [E
O O &
Q o
© o
|_\
S S
Direct Shear Compression/Tension
test samples test samples
1000
50 900 50
o
o
—
o
L0
—
o
L0
o —
o
o0}
o
Lo
—
o
Lo
—
o
o
—

. Four-point load flexural beam test samples

Figure A-2 Two sample cutting plans
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Panel No.13 was prepared with a regulated interface and 3mm target membrane
thickness. 16 block samples were cut for direct shear testing, as shown in Figure
A-3.

regulating layer

Shotcrete with > / 8

Smooth finish -

interface ——> —— 3mm waterproofing
T membrane

200

800
100 | 150 150 | 150 150 (100

150 |100

150

800

150

100 | 150

Direct Shear test samples for
different normal stress

Figure A-3 Sample preparation and cutting plan for panel No.13

Panels 14 and 15 were prepared with only sprayed concrete. Panel No.14 has a
smaller dimension (i.e. 600mmx600mm) when compared with other panels. 9
pure sprayed concrete cores were cut off for the compression and tension test. 4
pure sprayed concrete beams were cut off from panel No. 15 for the four-point
bending test. The panel preparation and cutting plans for both panels are shown

in Figure A-4.
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Appendix B Calculation for adjusted shear
interface stiffness

This Appendix explains how the adjusted shear interface stiffness was derived

from the raw test data. A calculation example is also provided.

Due to limitations of the testing equipment, external measurement was used
during the direct shear test, the results of which therefore need to be corrected
for the compliance of the test apparatus and the sample rotation effect. To
correct for the compliance of the test, the cyclic loading shear interface stiffness,
which increased with the shear stress, is extrapolated from the shear stress level
when the cyclic loading was performed to the peak shear stress level, to obtain a

value closer to the ‘true’ shear interface stiffness value.

This value has then been corrected again to compensate for the sample rotation
that occurred during the test, a diagram of which is shown in Figure B-1. This
sample rotation induces a rigid body (vertical) movement (same as the rigid body
horizontal movement). This should be deducted from the horizontal displacement

recorded and hence used to determine a higher value of interface shear stiffness.

Rigid body (vertical)
movement

Shear force

TQ_)

Rigid body (horizontal)
movement

Actual horizontal
movement

Figure B-1 Relationship between rigid body and actual horizontal movements
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A typical calculation example for interface 1-23 is given below. Firstly, the
rotation factor was calculated, as shown in Table B-1 and based on the test

results shown in Figure B-2.

Table B-1 Calculation of rotation ratio

Horizontal movement | Vertical movement | Calculated actual
Interface ) ) ) .
reading from reading from horizontal Rotation factor
number ) ]
potentiometer (mm) | potentiometer (mm) | movement (mm)
1-23 2.30 1.50 0.80 2.87
- 3
:
~— 25
)
[
o
€ 2
3 2.3mm
o
% 1.5
T
‘_3 1
] 1.5mm
£
o 05
2
©
E 0 - 1
o 0 1 2 3 4 5
2

Measured shear (horizontal) displacement (mm)

* Interface 1-23

Figure B-2 Measured normal and shear displacements for interface 1-23

Following that, the shear interface stiffness at the peak shear stress was
extrapolated from the mean cyclic loading shear interface stiffness and then
multiplied by the rotation factor to obtain the adjusted shear interface stiffness.
The calculation procedure is shown in Table B-2 and the cyclic loading loop for

interface 1-23 is shown in Figure B-3.
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Table B-2 Calculation of adjusted shear interface stiffness

Appendix B

] Shear stress level Shear interface stiffness (GPa/m) at
Calculation procedure
(MPa) corresponding stress levels
cyclic loading 1 0.84 0.82
cyclic loading 2 1.35 0.93
cyclic loading 3 1.71 1.01
Mean cyclic loading 1.30 0.92
Peak shear stress 2.44 1.72
Adjusted for Rotation
2.87 4.95
factor

Cyclic loading 3

N
(€]

Cyclic loading 2

=
(€]

Cyclic loading 1 N

Shear stress (MPa)
N
=

0.5

\/
\,

Interface shear displacement (mm)

Interface 1-23

Figure B-3 Cyclic loading loops for interface 1-23
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Appendix C Test results for samples under

250kPa and 750kPa normal pressures

250kPa normal pressure testing overview

Direct shear tests with 250kPa normal pressure were also carried out. Due to the
limited number of samples and the main focus on smooth and regulated interface
samples, tests were only carried out on 12 samples - 3 samples from each of
Types 1, 2, 4 and 5.

Shear interface stress-deformation relationships

Relationships for selected Type 1, 2, 4 and 5 samples are shown in Figure C-1
and Figure C-2 respectively. Peak shear stresses occurred at displacements

between 10 and 15mm. All samples failed in a ductile manner.

2.5 / ) ]
g 2
2
a4 15
) V
S
73 /
S 1 -
©
()
g 4
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0.5 -

0 - T
0 5 10 15 20

Interface shear displacement (mm)

= |nterface 1-24 = |nterface 1-25 = |nterface 1-26
= |nterface 2-24 — |nterface 2-25 =—|nterface 2-26

Figure C-1 Thin membrane interface behaviour under direct shear test with

250kPa normal pressure
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Interface shear displacement (mm)
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Figure C-2 Thick membrane interface behaviour under direct shear test with

250kPa normal pressure

Peak shear

stress

Numerical test results and their statistical analysis are presented in Table C-1 and

Table C-2 respectively. Values of peak shear stress for samples with thin and

thick membranes are very close within their respective groups, confirming the

two conclusions drawn from the 500kPa normal stress results. Peak shear stress

shows a slight reduction with increased membrane thickness.

Table C-1 Direct shear test results under 250 kPa normal pressure

Sample Membrane | Peak shear Shear First loading | Cyclic loading
designati | thickness stress displacement at stiffness stiffness
on (mm) (MPa) peak stress (mm) (GPa/m) (GPa/m)
1-24 2.0 2.0 9.7 0.94 8.26
1-25 2.0 2.0 11.0 0.73 17.45
1-26 2.0 1.9 13.5 0.70 26.68
2-24 3.0 2.6 13.1 0.65 12.29
2-25 3.0 2.6 15.7 0.47 14.68
2-26 3.0 2.2 16.7 0.56 6.55
4-24 8.0 1.8 11.6 0.51 1.69
4-25 7.0 2.1 13.9 0.61 4.42
4-26 7.0 2.1 12.1 0.57 3.82
5-24 8.0 1.9 10.1 0.50 3.07
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5-25

8.0

1.9

12.4

0.40

0.91

5-26

9.0

1.9

11.4

0.52

1.43

Table C-2 Statistical analysis of direct shear test results under 250 kPa normal

pressure
Peak shear stress First loading stiffness Cyclic loading stiffness
Sample Standard Standard
Type | Mean Standard Mean deviation Mean deviation
(MPa) | deviation (MPa) | (GPa/m) (GPa/m) (GPa/m) (GPa/m)
Type 1 2.0 0.0 0.79 0.13 17.47 9.21
Type 2 2.4 0.2 0.56 0.09 11.17 4.18
Type 4 2.0 0.2 0.57 0.05 3.31 1.43
Type 5 1.9 0.0 0.47 0.06 1.80 1.12

First loading and cyclic loading shear stiffnesses

Values of first loading and cyclic loading stiffnesses for samples with thin and

thick membrane are very close within their respective groups, as shown in Figure

C-3 and Figure C-4, also confirming the two conclusions drawn from the 500kPa

normal stress results.
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Figure C-3 Relationship between first loading shear stiffness, membrane

thickness and type of interface under 250kPa normal pressure
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Figure C-4 Relationship between cyclic loading shear stiffness, membrane

thickness and type of interface under 250kPa normal pressure

Shear displacement at peak shear stress

Figure C-5 shows a different trend to that of the direct shear tests under 500kPa
normal pressure. In this case the shear displacement at peak shear stress does
not increase with the membrane thickness, probably due to the unknown

membrane thickness inside of the sample.
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Figure C-5 Relationship between shear displacement at peak shear stress and

membrane thickness and type of interface under 250kPa normal pressure.

Observed failure modes in shear tests

The failure mode for samples under 250kPa normal pressure was similar to that
for samples under 500kPa vertical pressure. One significant difference between
these two cases is that the samples under 250kPa vertical pressure were more
likely to rotate than samples under 500kPa vertical pressure. This effect has been
taken into account during the result post-processing stage, especially for the

cyclic loading stiffness values.

750kPa normal pressure testing overview

Direct shear tests with 750kPa normal pressure were carried out only on three
Type 2 samples. The shear stress-shear displacement relationships are shown in
Figure C-6. Peak stress occurred again when the samples were sheared to a
displacement of 10-15mm. All samples failed in a ductile mode, similar to
previous observations. Numerical test results and their statistical analysis are

presented in Table C-3 and Table C-4 respectively.
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Figure C-6 Type 2 interface behaviour under direct shear test with 750kPa

normal pressure
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Table C-3 Direct shear test results under 750 kPa normal pressure

Membrane Shear First loading Cyclic
Sample : Peak shear | displacement at X loading
desi ; thickness stiffness .
esignation (mm) stress (MPa) peak stress (GPa/mm) stiffness
(mm) (GPa/mm)
2-27 3.0 3.4 13.2 0.48 3.93
2-28 3.0 2.9 11.6 0.59 5.42
2-29 3.0 2.7 13.0 0.61 3.80

Table C-4 Statistical analysis of direct shear test results under 750 kPa vertical

pressure
Peak shear stress First loading stiffness Cyclic loading stiffness
Sample Standard Standard Standard
Type Mean deviation Mean deviation Mean deviation
(MPa) (MPa) (GPajm) | (cpajmy | (GPA/M) (GPa/m)
Type 2 3.0 0.3 0.56 0.07 4.38 0.90
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Appendix D Plots for simultaneous influence of

Kn and Ks parametric study
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Appendix E Plots for lining thickness

parametric study
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Appendix F Plots for nearby construction
parametric study

In the following plots, R is the ratio between the clear distance between the

nearby construction and tunnel extrados to the tunnel diameter.
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Figure F-7 Primary lining axial force changes to right hand side construction
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Figure F-8 Secondary lining axial force changes to right hand side construction

192



Appendix F

160
140
0‘ ¢
120 :
¢ o
00
2
100 = % ® =
*n

Primary lining bending moemnt change (kNm)

Crown Shoulder Axis Knee Invert
Position around tunnel lining

* R=0.2 (right) = R=0.4 (right) x R=0.6 (right)
» R=0.8 (right) x R=1.0 (right)

Figure F-9 Primary lining bending moment changes to right hand side

construction

1,000

100 -

10

Crown Shoulder Axis Knee Invert

Secondary lining bending moment change (kNm)

Position around tunnel lining

* R=0.2 (right) = R=0.4 (right) x R=0.6 (right)
4 R=0.8 (right) x R=1.0 (right)

Figure F-10 Secondary lining bending moment changes to right hand side

construction

193



Appendix F

.0
[
[T 9
<
=
o0
o0
(=]
£
z
[s]
E o001 - -
a
0.0001
Crown Shoulder Axis Knee Invert
Position around tunnel lining
+ Base case * R=0.2 (right) x R=0.4 (right)
4 R=0.6 (right) x R=0.8 (right) e R=1.0 (right)
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