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Abstract

The need for the research reported in this paper was driven by the Crossrail project in London for
which new tunnels were constructed close to numerous existing operational tunnels of the London
Underground (LU) network.

This research component is based on experimental work conducted on half-scale grey cast iron (GCI)
tunnel lining segments with chemical composition similar to the Victorian age GCI segments in the LU
network. This paper discusses the deformation behaviour of the bolted segmental lining under the
influence of factors such as overburden pressure, bolt preload and presence of grommets at small
distortions. The measured behaviour of the segmental lining is compared against the calculated
response of a continuous lining based on the assumption of elasticity.

The industry practice for tunnel lining assessment is to calculate the induced bending moment in the
tunnel lining using an elastic continuum model, while adopting a reduced lining stiffness to take into
account the presence of the joints. Case studies have recorded that both loosening and tightening of
lining bolts have been used as mitigation measures to reduce the impact of new tunnel excavations on

existing GCI tunnels.

The experimental work on the half-scale GCI lining has shown that a bolted segmental lining behaves
as a continuous ring under the small distortions imposed when subjected to hoop forces relevant to
the depth of burial of LU tunnels. In the presence of hoop force, joint opening was minimal and the
magnitude of preload in the bolts had little impact on the behaviour of the lining. It is therefore
concluded that disturbance of the bolts in existing tunnels is not recommended as a mitigation
measure as in addition to being ineffective it is both time consuming and introduces the risk of

damaging the tunnel lining flanges.
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1 Introduction

A major research project investigating the effect of tunnelling close to existing tunnels has been
completed at Imperial College London (Standing et al., 2015). The need for the research project was
driven by the Crossrail project in London for which new tunnels were constructed close to over forty

existing operational tunnels.




A common practice in industry with relation to the assessment of bending moment in tunnel linings is
to use Morgan’s equation (1961) to calculate the bending moment induced in the tunnel ring from a
certain distortion.

Morgan (1961) set out the basis of the elastic continuum method for the analysis of a circular tunnel in
elastic ground by assuming that the circular lining distorted into an ellipse and neglecting shear
stresses between the tunnel extrados and the ground. The maximum bending moments occur at the

tunnel axis level and at the crown and invert and are given by the following equation:
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Where M = maximum bending moment

M=

Equation (1)

8 = maximum distortion

a = tunnel radius

E = Young’s modulus of the lining

I = second moment of area of lining per unit width of the lining

In industry, it is common to reduce the flexural rigidity of the bolted lining ring (El) by adopting Muir
Wood’s (1975) reduction formula for the second moment of area of the ring to take into account the

presence of the joints:

=1+ (2)2 I Equation (2)
Where le = reduced (effective) second moment of area of lining per unit width of the lining

I; = second moment of area of the joint per unit width of the lining

n = number of segments

| = second moment of area of lining per unit width of the lining

However, there is a lack of experimental data to substantiate the use of Muir Wood'’s (1975) reduction
formula for the second moment of area for a bolted segmental tunnel lining ring to take into account
the presence of the joints.

Furthermore, two case studies reported in the literature suggest that mitigating measures to reduce
the impact of new tunnel excavations on existing GCI tunnels have included loosening bolts in one
case (Moss and Bowers, 2006), and tightening bolts in another case (Kimmance et al, 1996).
Therefore, the laboratory experiments performed as part of this study were also set up to investigate

the effect of different bolt preloads on the behaviour of bolted segmental GCI rings.

This paper describes the design and set-up of the loading and monitoring components for the test ring
so that the state of stress in the lining could be related to its deformed shape. The experimental lining
was tested at low stress levels to minimise plastic straining of the GCI material. The results from the
parametric studies investigating the influence of hoop force (representing overburden pressure), bolt

preload and inclusion of grommets on the response of the bolted segmental ring are presented.




As part of the research project, an extensive literature review was undertaken, focussing on cast iron,
its properties and use in tunnel construction as well as other experimental work on tunnel linings.
Much of this source material, whilst not directly referenced in this paper, contributed to the overall
project. Notably, Copperthwaite (1906) and Hewitt and Johannesson (1922) provided a wealth of
knowledge on the properties of cast iron and their historic use in the tunnelling industry and Craig and
Muir Wood (1978) a good summary of earlier tunnel lining practice in the United Kingdom. Field
measurements of stress and strain in cast iron and later concrete lined tunnels were reported by Rapp
and Baker (1936), Skempton (1943), Cooling and Ward (1953), Sutherland (1955), Tattersall et al
(1955), Ward and Chaplin (1957), Ward and Thomas (1965), Smith Osborne (1970), Thomas (1976),
Attewell and EI-Naga (1977), Cooley (1982), Thomas (1983), Barratt et al (1994), Davies and Bowers
(1996), Nyren (1998), and Tubelines (2006). Measurements of existing tunnelling distortion due to
adjacent new tunnelling were reported by Kimmance et al (1996), Cooper and Chapman (2000),
Cooper (2001), Standing and Selman (2001), Cooper et al (2002 and 2003), Gue et al (2014),
Alhaddad et al (2014) and Yu et al (2014).

Prior to embarking on the detailed design of the experimental set-up described here, an extensive
literature search identified a small number of studies involving large-scale tests where a similar
methodology was used (i.e. without soil) although none-of them adopted the combined load-
displacement control adopted in this study. Experimental work on cast iron tunnel segments was
completed by Leung (1967) and Thomas (1977), with the latter still being the key source paper on this
subject. Other studies involving large-scale experimental set-ups have been made for concrete
segments, either singly or forming a full or part of a ring (Mashimo et al, 2001 and 2002; Blom, 2003;
Bilotta et al, 2006; Okano, 2007; Ahn, 2011; and Blazejowski, 2012). A particular focus of these
studies is often to assess new materials such as fibre reinforced concrete or the segment response

during erection and grouting.
2 Experimental investigations
2.1.1 Overview

The details of the half-scale ring are given in Figure 1 to 3. The adopted size was the smallest that
could be manufactured with GCI while maintaining true proportionality of all dimensions, particularly
the skin of the segment. The linings were manufactured to have a composition that matched that of

existing linings.

The experimental investigations considered the influence of joint opening on the structural response of
the ring. For a continuous ring of uniform stiffness made from linear elastic material, the first order
bending moments related to an imposed change in radius are independent of the hoop force. The
effect of having joints, as in the case of the bolted segmental ring, is to potentially reduce ring
stiffness, the reduction in magnitude being dependent on the hoop force (from the radially applied load
to simulate overburden pressure) and the change in radius. One of the objectives of the laboratory
experiments was to examine this relationship and the validity of applying Muir Wood’s reduction
formula. The bending moments derived from strain measurements in the laboratory tests were

compared with the analytically obtained bending moments of a continuous lining of uniform stiffness




under the same deformation as the test lining. The tests were repeated for different initial bolt

preloads.

Circularity surveys of 45 km of LU running tunnels conducted from 2004 to 2005 found that the tunnels
had squatted — i.e. the horizontal diameter was greater than the vertical diameter (Tube Lines, 2007).
London Underground (2014) suggested that for assessment purposes it was appropriate to assume, in
the absence of in-situ data, ovalisation of 1% for all tunnel lining less than 15 feet (4.57m) internal

diameter in cohesive ground.

In the 2D finite element (FE) analysis discussed in his PhD thesis, Avgerinos (2014) modelled the
existing Central LU running tunnel at Lancaster Gate near Hyde Park. The maximum distortion of the
existing tunnel was found to be 0.2% after 100 years of consolidation for the case with the lining
modelled as fully permeable. When the tunnel lining was modelled as impermeable the distortion was
significantly lower. This indicates that tunnel deformation as a result of ground loading alone could be
significantly lower than the 1% ovalisation suggested by London Underground (2014). It is possible
that for in-situ tunnels the ovalisation would have occurred during the construction of the tunnel rings,

and under self-weight, prior to any ground loading being transferred to the lining.

Furthermore, Avgerinos’ (2014) FE analyses showed that the action of shear stresses on the tunnel
lining could control the deformed shape of the lining. However, in the laboratory set-up it was only
possible to apply normal stresses to distort the ring. The effect of shear stresses was also neglected in

Morgan’s formulation (1961).

From a review of existing literature, it is noted that the previous maximum recorded distortion in bolted
GCI tunnels due to new tunnel excavations is approximately 0.1% of diametral strain (Kimmance et al
1996 and Cooper, 2001). Field monitoring conducted by the Imperial College research team within
one of the Central Line running tunnels also recorded, using tape extensometer measurements, a
maximum change in span of +0.1% due to the Crossrail tunnel excavations. The associated joint

opening was less than 5 microns (Yu et al, 2014).

Since it is difficult to ascertain exactly how the ground stresses are transferred to the tunnel lining and
the magnitude of tunnel distortion resulting from ground stresses alone, it was decided to subject the
GCI test ring to small distortions to minimise the generation of plastic strains such that the state of
stress of the bolted system could be estimated from strain measurements assuming a constant elastic
modulus. Also, the laboratory results could be compared with elastic solutions for a continuous ring.
Additionally, of equal importance, a set of parametric experiments could be completed using the same
bolted GCI ring. The maximum distortion applied was approximately 0.13%. Section 2.2 explains why

this value was selected.
2.1.2 Scale Effects

When the linear dimensions of an elastic structure are scaled by a factor k, for unchanged stress, the
applied forces are changed by a factor k2, applied moments are changed by a factor k® and deflections

are changed by a factor k.




In the load control tests, the half-scale model ring was subjected to the same pressure (i.e.
overburden) as assumed to be experienced by the real tunnel. Therefore, the strains and stresses are
identical in the model and the real tunnel. Similarly, in strain control tests where the aim is to achieve a
prescribed diametric distortion, the strains and stresses in the model and real tunnel would be

identical.
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Figure 1. Half-scale GCI ring cross section. All dimensions in mm unless otherwise stated. (Underground
Professional Services, 2009)




Wiy & Wl|ld & Wild g ol

I
15.87612 GROUTHOLES

15.876@ GROUT HOLES

.
/

Circumferential joint

Outer edge location

l<— Edge bolt location

N

+@— Middle bolt location

St

N Longitudinal flange

RN

Longitudinal joint

15.876@ GROUT HOLES

e .

PG @ @B @ PP @ (@ |[LE

T I I
SO‘BI 76.2 I 76.2 IEO.B 254

Figure 2. Half-scale GCI ring internal elevation. All dimensions in mm unless otherwise stated.
(Underground Professional Services, 2009)
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Figure 3. Longitudinal joint and circumferential joint at half-scale. All dimensions in mm unless otherwise
stated. (Underground Professional Services, 2009)

2.2 Material composition and testing
2.2.1 Chemical composition of experimental GCI segments

The chemical composition of the Victorian-age GCI linings for LU tunnels was obtained from LU
archive reports. The chemical composition for GCI as determined by Fallon (1998) was used as the
basis for the mix used to cast the model segments in order to replicate the properties of the Victorian
GCI linings in the LU network as closely as possible. The final chemical composition of the

experimental GCl segments is given in Table 1.

Main Component (%)

Test results reported
by Fallon (1998) for
six GCI segments
dated from 1900 to
1925

Test results reported by
Tube Lines (2008) for LU
Jubilee/Northern/Piccadilly
lines segments dated from
1890 to 1986

Test results of half-scale
GCI mix by Russell Ductile
Castings for Imperial
College (2010)

Carbon 3.12-354 3.3 3.5

Silicon 1.65 —3.08 2.3 2.2

Manganese 0.29-1.34 0.4 0.55

Sulphur 0.05-0.13 0.1 0.06

Phosphorus 1.07-1.59 1.4 0.88

CE? 4.47 - 4.66 4.5 4.5

Average Ultimate Tensile | 142 -175 155 (pre-1928 specimens) See Section 2.2.2

Strength? (MPa)

190 (post-1928 specimen)

Average tensile strain at
failure (%)

0.46

Table 1. Chemical composition of GCI.

Notes:

L CarbonEquivalent, CE = TotalCarbon% +

Silicon% + Phosphorus% .
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2. For comparison, the ultimate tensile strength for grade 10 GCI is 150 MPa (Gilbert, 1977)




2.2.2 Mechanical properties of GCI

During the casting of the half-scale GCI segments, bars were separately cast from the same mix for
tensile testing. Seven 20 mm diameter specimens were machined according to BS EN 1561:1997 and
tested with reference to BS EN 1SO 6892-1:2009. One specimen was damaged because the clamping
pressure on the jaws of the tensile test rig was too high. Of the remaining six specimens, one was
tested as a conventional monotonic tensile test (GCI_1 in Figure 4), while five were loaded and
unloaded several times before reaching failure. The stress at failure ranged from 128 MPa to 152
MPa. The total strain at failure ranged from 0.57% to 1.00%.

A linear variable differential transformer (LVDT) was attached to the GCI specimen to measure the
local extension for the calculation of local axial strain. In the unload-reload tests, successively
increasing strains were applied to the specimen, after each step returning to zero stress. By returning
to zero stress, the permanent elongation associated with the preceding stress could be measured and
used to calculate the magnitude of plastic strain. The elastic strain was estimated as the difference
between the total applied strain and the calculated plastic strain. The calculated strains are presented
in Figure 5. Up to a stress of 60 MPa, which was approximately 40% to 45% of the ultimate tensile
strength of the specimens tested, the total strain was less than 0.1%, and the plastic strain was below
0.02%.

The parameters given in Table 2 were selected to be used in the planning of the laboratory

experiments and in the subsequent analysis of results.

The ultimate tensile strength was selected based on the lower limit of the tensile test results from the
GCI specimens. In the planning of the experiments, the tensile stress in the extreme fibre of the GCI
segments was limited to 40% of the ultimate strength because the stress-strain response was almost
linear up to that point and negligible plastic strains were generated. The ultimate compressive strength
of the GCI was not tested, and was taken to be four times the ultimate tensile strength based on a

literature review (Angus, 1976).

The experimental data showed that for strains less than 0.1%, both the tangent and secant moduli
were below 100 GPa. This value was selected for subsequent calculations to provide conservative
estimates of stress from the measured strains. The Poisson’s ratio was taken from the literature
(Angus, 1976).
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Figure 4. Stress-strain curves for 20 mm diameter GCI specimens
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Figure 5. Total strain, plastic strain and elastic strain for the 20mm diameter GCI test specimens.




Parameter Design value
Ultimate tensile strength (MPa) 120
Ultimate compressive strength (MPa) 480
Elastic modulus in tension and compression (GPa) 100
Poisson’s Ratio 0.26

Table 2. GCI properties for use in conjunction with laboratory experiments.

2.2.3 Mechanical properties of wrought iron bolts

Tube Lines (2008) tested a large number of wrought iron bolts removed from tunnel linings from
sections of the Northern, Piccadilly and Jubilee LU lines. These were tested according to BS EN
10002-1:2000.

It was not possible to manufacture wrought iron bolts for the purpose of this research, so grade 4.6
mild steel bolts were used instead. Table 3 shows that the properties of grade 4.6 mild steel bolts from
BS EN 1993-1-8:2005 are comparable to those of the wrought iron bolts tested by Tube Lines (2008).

Grade 4.6 mild steel Wrought iron
Tensile strength (MPa) 400 369
Elongation at fracture (me) 220 150 to over 250
Yield strength (MPa) 240 239
Pre-yield modulus (GPa) 210 270

Table 3. Properties of Grade 4.6 bolt and wrought iron bolt

2.2.4 Use of grommets

It was not possible to recover grommets from the LU tunnels and test for their properties. Instead,
specially fabricated modern-day gel grommets were used which were manufactured from jute yarn
impregnated with a waterproof gel.

2.3 Full ring tests
2.3.1 Design of test rig components

The concept for the full ring set-up was initially tested using a small-scale model comprising six
segmental elements (forming a 100-mm diameter ring) loaded by displacement control with loads
applied via a reaction ring (Standing and Lau, 2016). Having proven the concept at small scale, the
development of the half-scale model could then proceed with much greater confidence. The laboratory
tests on the half-scale model were performed on a single test ring comprising of six GCl segments
bolted together. The ring was supported on ball bearings, with its radial plane horizontal, to minimise
friction between the ring and the floor and to eliminate self-weight effects. It was surrounded by a 3.0
m internal diameter reaction ring fabricated from a 254x254x107 universal column section of grade
S235 steel (see Figure 6 and Figure 7). The reaction ring was conservatively designed to resist the

most severe loading that could be applied to the GCI test ring.
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Loading rod

Reaction ring

GCl test ring

Actuator

Figure 6. An annotated photo of the test setup.
Radial loading of the ring was via computer-controlled actuators installed between the reaction ring

and extrados of the test lining. The advantages of this approach are as follows.

¢ Removal of uncertainty associated with how well stresses applied to boundaries in small-/medium-
scale models replicate conditions at prototype scale when the stresses are applied using soil. Much
depends on the soil type, method of placement, homogeneity, consolidation, applied boundary
stresses to name a few.

e Using the approach described allows the conditions within the ring for different deformed shapes to
be investigated clearly without ambiguity.

e The tests could be performed relatively quickly compared with experiments involving soil.

A drawing of the experimental setup is given in Figure 7.
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Figure 7. Drawing of test setup. All dimensions in mm unless otherwise stated.

Sixteen 14.5” diameter stainless steel air bellows were used as actuators. They were positioned onto
the reaction ring at 20° spacings to simulate a distributed load. Spreader pads transferred the load
from the actuator to the extrados of the test segment. The bellows allowed rotational movement but
the loading rods were locked into position at the connection with the spreader pads. Each spreader
pad consisted of a mild steel plate attached to a piece of hardwood machined to have the same
external radius as the test ring. A layer of butyl was glued onto the machined hardwood surface to

ensure full contact between the spreader pad and the test ring even as the test ring was distorted.

At two locations around the ring, the actuators were replaced with reaction rods fitted with load cells.
This was done to prevent rigid-body motion of the test ring. Diametrically opposite the two reaction
rods, a tangential restraining member was fitted to the test ring to increase the ring stability. It allowed

radial movements relative to the centre but prevented ring rotation.
2.3.2 Instrumentation
The force applied to each spreader pad was monitored using load cells with up to 100 kN capacity.

Around the intrados of the GCI ring, displacement transducers were set up radially in line with each
actuator to monitor segment deformations. The joint openings at the longitudinal joint locations (refer

to Figure 2) were monitored using LVDT transducers attached onto the GCI ring intrados and

12



extrados. The LVDTs were aligned with the middle bolt, the edge bolt and the outer edge (see Figure
2).

Forces in the bolts connecting the segments were measured using instrumented bolts. Each
instrumented bolt had two small sections of the unthreaded portion planed off and two strain gauges
were attached to each planed surface to form a four-arm Wheatstone bridge as shown in Figure 8.
Stresses and bending moments within the segments themselves were determined from conventional

strain gauge measurements at strategic locations around the segment (see Figure 9 and 10).

Electrical resistance 350 Q tee rosette type strain gauges were used.

Figure 8. Instrumented bolt.
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Zero Deg = crown

Clockwise +ve

90 Deg = axis level
for loadingand
unloading

Strain gauged at 260 Deg

Strain gauged at 20 Deg

Strain gauged at 100 Deg

Strain gauged at 140 Deg

Figure 9. Sign convention and strain gauge locations for test ring.
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Figure 10. Strain gauge locations on Segment I.
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2.3.3 Loading procedure

The GCI test ring was loaded in two stages. Stage One was used to bring the cast iron ring under
different hoop loads to represent different overburden pressures. In Stage Two the cast iron ring was

subjected to distortion.

Stage One — normal loads were gradually built up using the sixteen actuators to bring the test ring
under compressive hoop force with negligible bending moment induced in the test ring. Different
maghnitudes of normal loads were selected for Stage One to investigate the effect of varying hoop
force and hence overburden pressure on the behaviour of the bolted segmental ring. The majority of

the GCI tunnels in the LU network lie between 20 m and 30 m below ground level.

Stage Two — the load in the actuator at axis level was adjusted to achieve the prescribed displacement
(Figure 9). The normal loads in the other actuators away from the axis were controlled to remain
unchanged after Stage One. The bending moment in the test ring was estimated using the strain
measurements at four sections around the test ring assuming a constant modulus of 100 GPa (Figure
9).

When Stage One was reached, a scan of all the instrumentation was taken for 2 to 3 minutes and an
average was computed. Once Stage Two was reached, another scan of all the instrumentation was
taken. Each test was repeated three times to assess the consistency of results. The bolt preload

magnitudes used in the experiments were 5 kN, 7.5 kN, 10 kN and 5 kN with grommets.
2.3.4 Applied distortion

Before carrying out the tests, the bending moment capacities of the GCI segments and the joints were
estimated. The bending capacity of the half-size segment was estimated based on the section
geometry. The bending moment capacity of the longitudinal joint (see Figure 2) at zero hoop force was
estimated based on the flexural capacity of the longitudinal flange (see Figure 2) assuming failure
when the tensile stress at the extreme fibre reached 120 MPa. Calculations outlining how the bending

moment capacity of the joint was estimated are provided in Appendix A.

The bending moment capacities of the GCI segments and the segment joints increased as the hoop
force increased. At the joint, the additional moment capacity was afforded by the hoop force in
compression, N, applied at maximum eccentricity, e, from the centroidal axis of the segment to the
extreme compression fibre. Table 4 shows the estimated moment capacity under different depths of

overburden pressure. Linear elasticity was assumed in all the calculations.
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Hoop Moment

Depth below | Load per | force, capacity from Total moment capacity | Moment capacity of
ground jack, P N hoop force, Ne at the joint, BM;+Ne segment
m kN kN kNm kNm kNm

+ve -ve +ve -ve +ve -ve
0 0 0.0 0.0 0.0 1.12 0.72 3.45 9.54
2 3.4 9.7 0.16 035 [1.28 1.07 3.51 9.72
6 10 29.0 0.48 1.05 | 1.60 1.77 3.64 10.08
12 20 58.1 0.96 2.09 | 2.08 2.81 3.84 10.61
24 40 116.1 1.91 418 |3.03 4.90 4.22 11.68

Positive bending. Eccentricity, e = 16.5 mm. Centroidal axis to extrados (extreme compression fibre).

Negative bending. Eccentricity, e = 36.0 mm. Centroidal axis to tip of caulking groove.

Table 4. Estimated BM capacity for joint and segment.

Figure 11 compares the estimated bending capacities of the segment and the joint at different depths.
It shows the variations in bending capacities as the hoop force increased with overburden depth. A
depth range of 20 m to 30 m was the most relevant to the bolted segmental GCI tunnels in the LU
network. In this depth range, the estimated joint bending capacity is lower than the segment bending
capacity. The capacities were calculated for positive bending (akin to straightening the segment) and

negative bending (akin to increasing the curvature of the segment).

Comparison of segment and joint capacities
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Figure 11. Comparison of segment and joint capacities at different depths.

For a continuous circular ring under any number of equal radial forces equally spaced, standard
elastic solutions can be used to calculate the hoop force, bending moments and deflections of the ring
(Table 5). By keeping the distortion small such that the tensile stress in the extreme tensile fibre was
kept below 40% of the tensile strength of the GCI, superimposition of the elastic solutions could be
used to estimate the ring response under Stage Two loads. For comparison purposes, it was decided
to prescribe the same distortion under different hoop forces. The full-ring tests were taken to squatting
distortion of up to 0.13% (Case A in Table 6) and egging distortion of 0.07% (Case B in Table 6).

The application of load to the segment via a spreader pad was taken into account by superimposing
the bending moment distributions from a number of point loads one degree apart over the arc length
subtended by the spreader pad. This is illustrated in Figure 12. Figure 13 shows that the bending

moment distribution was smoothed over at 90° when a distributed load was used.
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Table 6 outlines the testing regime. It was considered that the Case A would provide more relevant
information to the in-situ tunnels, because excavations adjacent to the existing tunnels would generally

cause the existing tunnels to unload.

P = point load; E = modulus of elasticity; A = cross sectional area; R = radius to the centroid of the cross section;
I = second moment of area of the ring; s = sin 6; ¢ = cos 0; z = sin X; u = cos X; ky =k, =1 (k; and k; are used
when correction for hoop or shear stress is necessary, generally for rings with thick walls).

Max +M, Max —M are maximum positive and negative bending moment around the ring.

For 0<x<6 y = PRW/s — k3/6)
B 2
P
Max +M = Ma M_PR(l/S_kz/e)
B 2
Max -M at each load M= —PR (k, ¢
position T2 (? B })
Radial displacement PR3 (k,(8 —sc) kyc k3
at each load point = ARy = EI 452 2s 28
ARg
P Radial displacement —PR3 (ky(s—6c) k, k?
atx=0,20,..=ARa | ARa=—7%; 252 25 20

Table 5. Equations for ring under any number of equal radial forces equally spaced (Young and Budynas,
2002).

Axis of symmetry
Axis of symmetry

AP/n
AP e pe—

Where AP = (P-P*)
or (P-P)

AP)n
Where n=15

Figure 12. Schematic diagram showing how the Io'ading applied by the spreader pad was modelled.
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Case A: 1 mm away from centre
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Figure 13. Comparison of bending moment distributions.

Stage One Approx Stage Two displacement at axis (mm)

actuator depth below | Bolt 7.5kN Bolt 5kN Bolt 10kN Bolt 5kN

load, P (kN) | ground (m) Grommet

Case A | CaseB | Case A | CaseB | Case A | CaseB | Case A | Case B

34 2.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
10.0 6.0 2.0 1.0 2.0 1.0 2.0 1.0 2.0 1.0
20.0 12.0 2.0 1.0 2.0 1.0 2.0 1.0 2.0 1.0
40.0 24.0 2.0 1.0 2.0 1.0 2.0 1.0 2.0 1.0

Case A = Decrease in load = Increase in radius = displacement away from centre of ring (Squat)
Case B = Increase in load = Decrease in radius = displacement towards centre of ring (Egg)

Table 6. Loading regime for main series of tests.

3 Results and discussions
3.1 Level of control achieved

Figure 14 compares the hoop forces for a continuous ring under uniform loading estimated from
equilibrium (represented by lines) with the hoop forces for the segmental test ring calculated using
strain measurements (represented by markers) when the ring was under Stage One loads. The hoop
forces have been normalised against the average hoop force obtained from equilibrium to facilitate
comparison. The differences between the two could be a result of errors in the strain gauge
measurements or the assumed cross sectional area and elastic modulus. Overall, Figure 14 provides
confidence that the measured strains and the assumed GCI elastic modulus of 100 GPa are

reasonable. Adopting a lower modulus would result in lower forces being calculated.

In order to avoid the cumulative effect of errors, this paper presents and discusses the difference in

measurements between Stage One and Stage Two loading.
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Normalised hoop force from Stage One loading

Analytical P=40 kN = = = Analytical P=20 kN Analytical P=10 kN

[0 Measured P=40 kN A Measured P=20 kN Measured P=10 kN
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Normalised hoop force

0.2 -
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0 30 60 90 120 150 180

Degrees around test ring

Figure 14. Normalised hoop force from Stage One loading. Hoop forces derived from measured strains
are indicated by markers.

Figure 15 shows the measured displacement from zero to 180 degrees (refer to Figure 9),
corresponding to the change in radius between Stage One and Stage Two for Case A under different
Stage One loads (refer to Table 6). The lines represent the test results where all the bolts were
preloaded to 5 kN. The markers represent the test results where all the bolts were preloaded to 10 kN.
The control system worked consistently across all the tests such that practically the same distortion

was achieved.
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Figure 15. Measured displacement for unloading tests (Case A). Results for two different bolt preloads
shown.

3.2 Measurements of strain and calculations for bending moment

The bending moment induced in the ring as a result of the imposed distortion was calculated from
circumferential strain measurements at four locations around the ring assuming plane sections
remained plane (Figure 9). Only the change in strain between Stage One and Stage Two loading was
considered. Figure 16 compares the bending moment calculated from strain gauge measurements on
segment | and segment G. As seen in Figure 9, these two strain-gauged locations should measure the
same changes in strain if the ring was behaving symmetrically. However, Figure 16 shows that the
bending moment in segment G was lower than the bending moment in segment | for both Case A and
Case B. Replacing the actuators with fixed length reaction bars affected the behaviour of segment G.
In light of this finding, only the measured response of segments H, | and J was compared against the

bending moment distribution of a continuous ring estimated using elastic solutions.
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Figure 16. Comparison of bending moments on segment | (100 degrees) and segment G (260 degrees).

The results for Case A with an initial bolt preload of 5 kN are given in Figure 17. The markers give the
experimental response calculated from strain gauge measurements and the lines give the bending
moment for a continuous ring subjected to the same deformation estimated from elastic solutions. The

bending capacities for each joint at 40% of the estimated value are included in Figure 17.
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Case A
Bolts preloaded to 5kN

Bending moment for
continuous ring
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Figure 17. Case A. Bending moment calculated from strain measurements compared with analytical
predictions based on the deformed shape. Bolt preload 5kN. Joint capacities at 40% also shown.

When the segmental ring was subjected to high normal loads of approximately 40 kN before distortion,
the measured response at the strain-gauged locations gave calculated bending moments that were
similar to the moments calculated in a continuous ring. For the cases with lower normal loads of 20 kN
and 10 kN prior to distortion, the bending moments calculated from the measured change in strain
were slightly lower than the continuous ring bending moment. This same behaviour was observed for
different magnitudes of bolt preload, with or without the inclusion of grommets, and for all the tests

with Case B loading.

This implies a reduction in the stiffness of the bolted segmental ring at lower hoop forces. This
reduction in ring stiffness was due to the presence of joints, because for a continuous ring made from
linear elastic material, the stiffness of the ring would be uniform and the bending moments related to
an imposed change in radius would be independent of the hoop force. The small imposed
displacements were adopted so that the GCI material would respond mainly elastically. This reduction
in stiffness happened when the joints were in tension (start to open) and the joint stiffness affected the

ring stiffness.

Figure 18 again shows the results given in Figure 17, but includes the bending moments calculated

using Morgan’s equation based on the measured distortion at 90 degrees. The Muir Wood reduction
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factor was not used. It would appear that Morgan’s equation underestimated the bending moment at

90 degrees for the cases with initial normal loads of 40 kN.

Another way to show the variation in the stiffness of the bolted segmental ring under different hoop
forces was to compare the forces required to deform the ring by the same magnitude under different

hoop forces. The stiffer the ring the greater the force required to achieve the prescribed distortion.

Figure 19 shows the change in load required to achieve Case A distortion. As the Stage One loads
increased, a greater change in load was needed to achieve the same deformation. At each level of
hoop force, three tests were done. The markers on Figure 19 show the results of each test and the
lines show the average of the results. The trends given by different initial bolt preloads were very
similar. These results provided more evidence that the bolted segmental ring became stiffer as the

hoop force increased.

Case A
Bolts preloaded to 5kN

e P=40kN = e= P=20kN P=10kN A  P=40kN o P=20kN P=10kN X Morgan

0.80 ~
0.60 1
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0.00 t t } t 3 } : : } : : — : } : : !

-0.20 A

-0.40 -

-0.60 -
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x

-0.80 A

-1.00 -
0 30 60 90 120 150 180
Degrees around test ring

Figure 18. Bending moments calculated from Morgan’s Equation compared with bending moments
calculated from strain measurements and analytical predictions based on the deformed shape. Case A.
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Figure 19. Case A. Changes in actuator load required to deform the ring by the same magnitude.

3.3 The measured behaviour at the joints

Figure 20 provides the response of the bolts for Case A loading. The measured changes in bolt load
between Stage One and Stage Two for the edge bolts are given. A positive change in load indicates
an increase in tension in the bolt. The bolt response under 10 kN and 40 kN Stage One loads are

compared.

An increase in Stage One loads resulted in smaller changes in bolt loads upon ring distortion because
the joints were largely in compression. When the ring was loaded up to 40 kN prior to distortion the
change in bolt loads was negligible. The results do not indicate any clear relationship between the
initial preload and the subsequent change in bolt load upon distortion. The inclusion of grommets
appears to have lessened the changes in bolt load. Figure 21 shows the reduction in bolt load for
several of the instrumented bolts around the ring when grommets were included. The bolts had to be
re-tightened several times before a stabilised preload of approximately 5 kN was reached due to creep

of the grommets.

The instrumented middle bolts registered negligible changes for both positive and negative moment.

Case B loading provided similar results.
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Figure 20. Case A. Change in edge bolt load from Stage One to Stage Two.
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Figure 21. Reduction of bolt preload in all the instrumented bolts when grommets were in place.

Figure 22 presents the results of the joint movements in line with the edge bolt measured along the
intrados of the joints for Case A loading after reaching 10 kN and 40 kN Stage One normal loads. A

positive change is indicative of the joint opening at that location.

The different initial bolt preload magnitudes, as well as the presence of grommets, had very little effect

on the measured joint movement.
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Figure 22. Case A joint movements.

In order to investigate the influence of the initial bolt preload more closely, the measured joint
movements for Case A loading where the Stage One load was 10 kN are presented in Figure 23 as
distance away from the middle bolt centreline. On the graphs, x = zero is in line with the middle bolt
centreline, x = 76 is in line with the edge bolt centreline, and x = 127 is in line with the outer edge of
the longitudinal flange. The measured change in displacement along the extrados and intrados for the
joints at zero and 60 degrees are presented. For case A loading, the joint at 0° experienced positive
bending whilst the joint at 60° experienced negative bending. Positive displacements are indicative of
the joint opening up. The results corresponding to bolt preloads of 5 kN, 10 kN and 5 kN with

grommets are given.

The joint movement along the intrados was up to an order of magnitude greater than the movement
along the extrados. The joint movement was negligible at the middle bolt centreline and was largest at

the outer edge.

When the preload was 5 kN, having the grommets in place made negligible difference to the
displacement at the joint. While having a higher preload did result in marginally smaller displacements,
the effect is insignificant when compared to the influence of the Stage One loads on joint movement
as seen in Figure 22. This suggests that when a segmental ring is under hoop force, the magnitude of

preload in the bolts is not a significant factor in determining the behaviour of the joints.

The full set of results for joint displacement is given in Yu (2014).
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Figure 23. Joint movement along intrados and extrados for different bolt preloads. Normal actuator load
=10 kN.

4 Discussion and conclusions

In the setup of the experimental investigations, efforts were made to ensure that the half-scale
experimental tunnel ring reflected as much as practicable the character of a tunnel ring in-situ. The
GCI mix for the half-scale GCI segments was specified using the composition obtained from the LU
archives. Grommets were specifically produced for the half-scale segment to be included as a test

variable. It was considered to be appropriate to use Grade 4.6 mild steel bolts in the experiments.

The decision to apply load with actuators and to eliminate soil from the setup was crucial to the
success of the experiments. It would not have been possible to conduct the same number of
parametric tests within the time frame if soil was involved. This loading setup allowed very controlled
and repeatable tests to be conducted on the half-scale GCI lining ring. For the first time, the global
and local joint response of a bolted segmental GCI lining was studied experimentally and the internal

actions relating to a particular deformed shape was measured.

In the laboratory tests, the test ring was subjected to different magnitudes of hoop force before the
distortion was imposed with the aim to capture the ring behaviour under a range of overburden

pressures.

Because of the possibility to control and measure the loading applied onto the test ring in the
laboratory environment, and because the extreme fibre stresses were limited to below 40% of the
ultimate tensile strength of the GCI, it was considered appropriate to compare the results of the

segmental full-ring tests with elastic solutions for a continuous ring.

For a typical GCI LU tunnel at 20 m to 30 m BGL, the tests conducted under Stage One loads of 40
kN were the most appropriate. At this level of normal load, the strain measurements from the
laboratory tests indicated that the bolted segmental ring behaved as a continuous ring under the

imposed diametric distortion of up to 0.13%. The test results did not support using a reduced flexural
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stiffness in the estimation of bending moments in the bolted segmental ring. Negligible joint movement
was measured at the middle bolt centreline and the maximum joint movement was measured at the

outer edge.

For the small distortions imposed, the presence of compressive hoop force rendered the magnitude of
bolt preload insignificant in terms of influencing bolted segmental lining behaviour. Even after the
inclusion of grommets, the observed pattern of behaviour did not change. The main effect of including
grommets was that the bolt preload reduced with time. In light of this, it is not recommended to disturb
the bolts in existing tunnels as mitigating measures, especially since loosening or tightening bolts in
the LU tunnels is an extremely time consuming and labour intensive exercise, with the risk of

damaging the longitudinal flanges if the bolts were forcibly loosened or over-tightened.

The results from the parametric experiments performed at small deformations described in this paper
helped the planning of the very limited number of tests taking the GCI bolted ring to large

deformations, and ultimately, to failure. This work is presented in the paper by Afshan et al (2016).
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Appendix A

The bending moment capacity of the joint was estimated based on a simplified analysis of the flexural
capacity of the longitudinal flange. Thomas (1977) found that when a pair of segments were bolted
together at the longitudinal joint and tested such that there was positive bending at the joint, i.e.,
tension on the intrados, the middle bolt on the longitudinal flange carried substantially less load than
the two outside bolts when the segment was subjected to bending. Keeping this in mind, only the
contribution from the two edge bolts were taken into account when estimating the positive bending

capacity of the joint.

The calculations are outlined in Table 7. The schematic view in the table shows the longitudinal flange
with three bolt holes in line. During positive bending, the area A is assumed to be effective in
transferring tension from the bolt onto the circumferential flange. The triangular area A of the flange
was assumed to deform as a cantilever in double curvature and the maximum bolt load was estimated
from the flexural strength of the cantilever (Part 1, Table 7). The bending moment capacity of the joint
was then estimated by multiplying the maximum bolt load with the respective lever arms for positive

bending or negative bending of the joint.
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The decision to assume double curvature was based on a review of test data from Thomas (1977)
who measured the increase in bolt load above initial preload with increasing bending moment in his
two segment test using full-scale GCI segments. Assuming double curvature bending and the
contribution from the two edge bolts, the positive bending capacity of the joint was calculated to be
1.12 kNm. Recent experiments carried out by Yu et al (2015) have shown that all three bolts along the
longitudinal flange contribute equally in negative bending. Therefore the negative bending capacity

was estimated to be 0.72 kNm.

Schematic view of longitudinal flange for the half-scale segment
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Dimensions from Drawing No. UnPS/ICR/GN/D/0004
Depth of segment, h=62mm x1=51mm
Intrados to bolt hole, h1=25.5mm X2=76mm
Bolt hole to extrados, h2=36.5mm Thickness of longitudinal flange, t1=15.8mm
Thickness of skin, t=11mm Thickness of circumferential flange, t2=17.5mm
Part 1. Calculations based on flexural capacity of longitudinal flange (end plate)
Tensile strength of cast iron oT 120 | MPa
Width of cantilever assumed to be
ba 51.0 | mm distance x1
Depth of cantilever assumed to be
da 15.8 | mm t1
Ia =bd®/12 16763.3 | mm*
Section modulus, Za =1/(d/2) 2121.9 | mm?
Maximum moment for
cantilever, Mmaxa =c1Z 254632.8 | Nmm
Cantilever length, L = x1-t2 335 | mm
Assuming that the maximum moment is caused by the bolt force
Maximum tensile force at bolt, Limited by flexural capacity of
T max double curvature =2M/L 15.2 | kN longitudinal flange

Part 2. Bending moment capacity of the joint under zero hoop load

Positive bending

Lever arm from bolt to extrados, h2 36.5 | mm
Mmax at joint from Tmax bolt (double curvature) = Assumed 2 bolts; extrados
(15.2*0.0365)*2 1.12 | kKNm | compression

Negative bending

Lever arm from bolt to intrados, h1-caulking

groove 16.0 | mm Caulking groove is 9.5mm deep
Assumed 3 bolts with bolt force
Mmax at joint from Tmax bolt (double curvature) 0.72 | KNm | 15.2kN; extrados tension
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Part 3. Additional bending moment capacity of the joint with hoop load

Compressive hoop force, N

Bending moment = Ne, where
e = 16.5mm for positive bending (centroidal axis to extrados)
e = 36.0mm for negative bending (centroidal axis to caulking groove)

Table 7. Initial estimate of joint bending capacity.
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