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1 Abstract

A wide variety of instrumentation was deployed during domstion of the sprayed concrete lined
tunnels at Heathrow Express Terminal 4 Statiothe mid1990s some of which continusto
function and be accessible for the taking of readings today. This paper presesdsi\p20-year
history of stress in the jmary lining of theConcourseTunnel measured usingadial and tangential
pressure cellen and in the sprayed concretBata from tangential pressure cells require careful
interpretation andthe new and complete methodology for achieving reliable resddtscribedn
Jones & Clayto(R021) was used to providéhe stress historyrom construction into the longerm.
This isa unigue case study, in terms of both the detail of the measuremamdisinterpretationand
the time period over which measurements have been taKére results show thairessure cells are
very sensitive and respond thanges in stress due to nearby ctastion activities, and thaafter
construction has ceasedtressesstabilise at a value well below full overburden press{the

vertical total stress at tunnel axis level)

2 Introduction

The main tunnels at Heathrow Express Terminal 4 station werstreanted betweenMay 1994and

November 1996Toconfirm the adequacy of design, particularly of the sprayed concrete primary
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lining, a considerablarray of instrumentation was installed and monitoreédring construction. In
previous papesthe movements head of the advancinGoncourseTunnel (van der Berg et al.,

2003), and the irtunnel displacements and surface settleme(®ayton et al., 2006yere

preserted. An erlier paper by Clayton et al. (2002) studied the performance of pressure cells in
sprayed concrete lininggocussing mainly on laboratory tests and numerical modelling to improve
understanding of cell action factor, temperature sensitivity and installation effectsjidutot

present a complete set of field datdones & Clayto(2021) built on and refinal the interpretation

of Clayton et al. (2002allowing a complete interpretation of stresses in a sprayed concrete primary
liningin this paperwherethe whole data set, includinghore recent dataare included, making this

aunigue nearly20-year case study of sprayed concrete lining stress

In tunnels with segmental linings the maximum load has always been found to occur in the long
term. Skempton (1943) found the maximum load to be approximately equal to that corresponding to
the hydrostatic full overburden pressure (that is, the initial in stttal stress witho p81). Ward

& Thomas (1965) found that one of the tunnels they studied reached full overburden pressure, while
the second one did not but was continuing to increase wheasurements ceased. They therefore
concluded that hydrostatic full overburden pressure would eventually act on the lining in the long
term. Since then, measurements by Muir Wood (1969), Barratt et al. (1994) and Bowers & Redgers
(1996) amongst othershave all shown that load can stabilise at a value well below that

corresponding to full overburden pressure.

The distribution of stress in a sprayed concrete lined tunnel and how this stress evolves over time
has not been weltudied andhas received nohere near as much attention as the deformations of
the ground and liningvan der Berg et al., 1988 The main reason for this is the difficulty in
obtaining reliable measurements of stress throughout the life of the sprayed concrete from
construction inb the longterm, and the commitment of the client and other parties required to

continue monitoring beyond the construction periothis paper seeks to address this gap by



providing high quality data that can enhance understanding of how ground loads @aimeprayed
concrete linings during construction and in the ldegm, whichcan be used for the calibration of

empirical and numerical predictions.

3 The construction of th&ConcourseTunnel

The layout, geology, construction sequence and constructionildeththe concourse and platform
tunnels are described in van der Berg et al. (2003) and Clayton et al. (2006), but important details
will be replicated hereThe layout of the Heathrow Express Terminal 4 station is showigimel. It
consists of two platform tunnels with a cent@ncourseTunnel at theNorth-easternend. These
tunnels are connected by a series of crpassages andonnected tathe North and South

Ventilation Tunnels at each endvhich were constructed after th@oncourseTunnel. TheDownline
Ventilation Tunnel, which connectshe North Ventilation Tunnelto the Downline Platform Tunnel,
underpassed th&oncourseTunnel while theConcourseTunnelwasitself being constructedThese

eventswill be highlighted when thetressresults are presented.
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Figurel: Plan of tunnels at Heathrow Express Terminal 4 station, showing locat@madurseTunnel and layout of
monitoring points and instruments (from van der Berg et al., 2003).

ThePatform Tunnels are over 220 m long with a cresectional area of 62 fnard the Concourse

Tunnel is 64 m long with a crosgctional area of 49 fA crosssection of theConcourseand

Patform Tunnekis shown irFigure2, which also showthe surface level and geological stratdne

ConcourseTunnel axis is at a depth of 2ZZm below ground level and the tunnel is entirely within

the London ClayDetailed identification of stratigraphlyy Hight et al. (2007pr the Heathrow
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Terminal 5 projecsuggests thathe Concourse Tunnel &proximately in the middle dhe 25m

thick B unit of the London Clagccording tahe lithologicaldivisionby King (1981)Piezometers

across the site and at different depths indicated a piezoindevel in the Terrace Gragsit
approximately ground level with a hydrostatic distribution from there down to the basal beds of the
London Clay, well below the tunnel horizon (van der Berg et al., 20088)centreline spacing

between theConcourseTunnel and thePlatform Tunnels is 13.5 m.
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Figure2: Crosssection ofConcourse andlatform Tunnels

Tunnelling works started at Terminal 4 d@&" May 1994 butvere suspended by the end Gttober
1994 followinghe collapse of thesprayed concrete line@oncourse anddatform Tunnels at

| SIFGKNR g Qa [/ Sy i NI1996)tagprimatély .5 kinbid bf thé Tefménal 4
station. At the time of the collapse approximately 25 nttoé Downline Platform Tunneland 65 m of
the Upline Platform Tunnel at Terminal 4 had been constructed, bettmmencing from théorth

Ventilation Tunnel.

Tunnelling works at Terminal 4 resumed widbwnline Platform Tunnel construction on 1%
September 1995, followelly the Upline Platform Tunnel on 29 December 1995Construction of the

GoncourseTunnel commenced in Septemb#896 after completion of the adjacent sections of the
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permanentsecondarytining in theUpline andDownline Platform Tunnels.TheConcourseTunnel

headwall was completed on'7November 1996.

The construction sequence for ti@ncourseTunnel used a top heading, bench, tbpading, bench,
doubleinvert sequence. The invert wased five rounds from the fac&he constructiorsequence
is schematicallyliustrated inFigure3. Adetailed description iprovided in the Supplementary
Information The advancéength varied fron0.8m to 12 m depending oiground conditions and
design requirements, including the proximity of sensitive structuiid® primary support for the
ConcourseTunnel consisted of 350 mm of sprayed concrétieotcrete), reinforced with two layers

of welded wiremeshand full-sectionlattice girders.
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Figure3: Concoursd@unnel construction sequence (from van der Berg et al., 2003)

This paper will focus on the pressure cells installed in Main Monitoring Section | (MMS 1) and Main
Monitoring Sedbn VIII (MMS VIIBf the ConcourseTunnel The locations of these sections are
shown inFigure4 and in the location planFigurel). Both monitoring sections were installed in the

second top heading of the repeatingstage sequence shown Figure3. This is also illustrated in
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shown at the time of each pressure cell reading.
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Figure4. Long section of th@oncourseTunnel showing locations of MMS | and MMS VI

At each sectin, 12 tangential pressure cells and 12 radial pressure cells were inst#fledocations

are shown irFigureb. In MMS | there were no tangential pressure cellailhed at positions 10 and

11, but positions 4 and 5 were equipped witto tangential pressure cells, one near the extrados

and one near the intrados. In MMS VIII again no tangential pressure cells were installed at positions

10 and 11, butwo were installed at positions 6 andnéar theextrados and intradosVheretwo
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Figure5: Main monitoring section schematicabjiowing locations of pressure cells and strain gauges embedded in the
sprayed concrete primary lining

The radial pressure cells installed in ®@encourseTunnel were Geokon model 4850oil-filled
vibrating wire cells, andhe tangential pressure cellsane Geokon model 4850 oil-filled vibrating

wire cells The technical specificationgere given in Jones & Clayt¢2021).

4 Radial stresses

A selection oflte recordedradialpressures ishown inFigure6 for MMS | and-igure9 for MMS
VIIL Thepositions of theradial pressure cells are marked by radial lines normal to the extrados of

the lining The outer perimeter represents tHell overburden pressuref 335.4kPg i.e. thevertical



in situtotal stress at tunnel axis levebased on a bulk unit weight for the Made Ground, Terrace

Gravel and London Clay 18.5 kN/n¥.

It is important to note that pressure cells measure total stresly, and are unable to distguish

between effective stress and pore pressure.

Where data is missingxplanationsare given in the Supplementary Information.

4.1 MMS | radial stresses

At the time the secondary lining was cast approximately 1 month after installation, 10 out of 12 of

the MMS | radial pressure cells were functioning well. This reduced to 7 out of 12 at 18.6 years.

The first diagram ifrigure6 shows that radial pressures biuilp with time around the top heading
uniformly as the sprayed concrete kmuestiffer andthe next stagesvere excavated and lined (c.f.
Figure3). At 15/10/96 10:0023 hoursafter spraying the top heading, the average radial pressure

was2%% of thefull overburden pressure



— 14/10/96 02:00 Oh Top heading excavated — 15/10/96 14:00 ld 12h Bench excavated

— 14/10/96 11:00 Sh Top heading sprayed — 15/10/96 13:00 ld 13k Bench sprayed
— 14/10/96 16:00 14h — 15/10/96 19:00 1d 17h
15/10/96 01:00 23h — 16/10/96 0600 2d 4h

— 15/10/96 10:00 ld 8h

T
16/10/96 16100 2d 14h Invert excavated — 21/10/96 23:00 7d 2lh
— 17/10/96 03:00 3d 1lh Invert sprayed — 23/10/96 14:00 Sd 12h
— 18/10/96 06:00 4d 4h — 24/10/96 23:00 10d 2lh
— 1 18:00 Sd 16k — 27/10/96 04:30 13d 2h 30min
21/10/96 12100 7d 13h — 28/10/96 13:20 14d 1lh 20min

31/10/96 12145 17d ——— 03/04/97 16:00 171d
14/11/96 12:00 31d —— 10/11/98 00:00 2lyears
18/11/96 11:30 35d Secondary lining 25/06/04 0L30 7.7years
ihvert cost ——— 24/02/05 0L:30 8.4years
E— g /96 12:00 29d — 14/03/12 01:30 18.6years

03/04/97 16:00 171d

Figure6: MMS | radial stress€&-R, topbottom: top heading, bench, invert;I4 days, 17171 days, 171 days to 18y&ars)
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When the benclwas excavated and sprayed, itdhkttle effect on the top heading pressures.
Initially the bench radial pressuresere small but byl 6/10/96 06:00,15 hours after spraying, the

averagepressuresn the bench reached 81.5 kP24% ofthe full overburden pressure

When the invertwas excavated, thereras a noticeable increase in the bench radial pressures as
ground arching imposkemore load on the cantilevering bench sprayed concrete, which at this stage
was 25 hours old and would be relatively stiff. By 18/10/96 06:00 the invert sprayed comaet2/
hours old and radial pressuresdieeached a similar order of magnitude as lie toench and top
heading; the sprayed concrete liningutd now be said to be acting as a ring. Twerallaverage

radial pressurevas 123.5kPa 37% of the full overburden pressuréhe average radial pressure at

the Crown (PCR3) was29%, at the BencfiPCR®) 3% and at the Invert (PCR1Q)43%.

Over the following 10 days, from 18/10/96 to 28/10/96, as the tunnel contiitoeadvance beyond
MMS I, therewas verylittle change in the radial pressures. Thias unexpected as one would
expect agradualchange from frontto-back arching in the ground to circumferential arching,

resulting in an increase in load on the lining.

From 31/10/96 (17 days after top heading excavation and 14 days after invert closure) to 3/4/97
(155 days later)therewere some redjustments of the stress state due to casting of the secondary
lininginvert section which increase the radial pressure at the invert due tbe weightof concrete

and alsadue totemperature changeslThe underpassing of the Downline Ventilation Turorel

3/12/96 did not have a dramatic effect but did causelecrease in radial pressures around the invert

(c.f.Figureb).

Figure7 shows the trend of average radial pressures and average temperadtiaeown (PCR%),
Bench(PCR®) and Invert(PCR1d2) measured by thermistors attached to the radial pressure cells
during this period as a percentage of full overburden pressurbereis somecorrelation between
temperature and radial pressurefemperatures decreagtfrom above 30C during construction to

below 15°C about 2 months lateresulting in a reduction in thaverage radial pressur&he
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hydration heat from the casting of the secondary lining invert can be observed in the thermistors
attached to the radial pressure cells in the invert and lasts up to 20 days. The eftestiofthe
rest of the secondary ling was not evidenin the temperature readings in the Top Heading and

Bench

Invert Underpassing of
secondary  Downline Vent
lining Tunnel
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— %
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Figure7: MMS |- average of radial pressures as percentageflboverburden pressur@and average temperatures at
Crown, Bench and Invert, from imvelosure to 200 days.

The relationship between the temperature of the tunnel lining and the radial pressure is due to
expansion and contraction of the concrete. As temperature increases, the tunnel lining expands but
isconstrained by the surrounding ground, resulting in an increased radial pressure. As temperature
decreases, théunnel lining contracts and theadial pressure decreases. Therefore, the equilibrium

- 7

state is constantly changing as temperature changes. THiswd S NBFSNNBR (2 Fa W3IN
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G SYLIS NI i dzZNBeeddbas & Llaylo#D21)i [Brépresents a real stress, so will not be

removed from the data.

A feature evident irFigure? is a rise and fall in average pressures peaking at 21(desy&ed with
an asterisk irFigure?). This was experienced by all the functioningiaagressure cells to varying
degrees. This was not temperaturelated, and construction records do not indicate an obvious

cause.

The longterm readings from 171 days to 18.6 year$igure6 show aslightincrease in radial
pressureat the invert and bench area$he crown radial pressure cells (P&RWere not reading,
although there was a recovery of PCR3ab18y R My ®c &SI NE I FGSN34 i RARYQ
yearsand this is shown as the average valu&igure8 for the crown areaTherefore it is not

possible to come to any firm conclusions about radial pressures around the drigyune6 shows

that the tendency for PCR12 in the centre of the invenrieasure a lower pressure than PCR10 and
PCR11 seems to even out in the lgagm. This is due to the shape of the inveat position12 the
lower curvature makes the structural response more flexible relative to the high curvature at
positions10 and 11This means that there is more unloading of the London Clay, and hence lower
radial pressure in the shoterm atposition12, whereas the stiffestructuralresponse at positions

10 and 11 will tend to attract more radial pressumehe shortterm. In thelongterm, dissipation of
negative excess pore pressures and éissociatedswelling of the clay gbosition 12 in the centre of

the invertwill tend to even out the radial pressure distribution.
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Figure8: MMS |- average of raéal pressures as percentagesfalf overburden pressur@nd average temperatureat
Crown, Bench and Invert, frozonstructionto 18.6 years.

4.2 MMS VIl radial stresses

Survivability of the MMS VIII radial pressure cells was much better than for MMi8dugh there
were short periods when readings were not obtained from one or more radial pressure cdli, all
were still measuring radial stresses8aB years and all except PCR7 wgiréng readings &al8.6

years.

The first diagram ifrigure9 shows the initial readings of the top heading radial pressure cells. At the
time of spraying thebench, B.5 hours after the top heading was sprayed, the average radial

pressure on the top heading wa4% of thefull overburden pressure
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