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1 Abstract 

A wide variety of instrumentation was deployed during construction of the sprayed concrete lined 

tunnels at Heathrow Express Terminal 4 Station in the mid-1990s, some of which continues to 

function and be accessible for the taking of readings today. This paper presents a nearly 20-year 

history of stress in the primary lining of the Concourse Tunnel measured using radial and tangential 

pressure cells on and in the sprayed concrete. Data from tangential pressure cells require careful 

interpretation and the new and complete methodology for achieving reliable results described in 

Jones & Clayton (2021) was used to provide the stress history from construction into the long-term. 

This is a unique case study, in terms of both the detail of the measurements and interpretation and 

the time period over which measurements have been taken. The results show that pressure cells are 

very sensitive and respond to changes in stress due to nearby construction activities, and that after 

construction has ceased, stresses stabilise at a value well below full overburden pressure (the 

vertical total stress at tunnel axis level).   

2 Introduction 

The main tunnels at Heathrow Express Terminal 4 station were constructed between May 1994 and 

November 1996. To confirm the adequacy of design, particularly of the sprayed concrete primary 
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lining, a considerable array of instrumentation was installed and monitored during construction. In 

previous papers the movements ahead of the advancing Concourse Tunnel (van der Berg et al., 

2003), and the in-tunnel displacements and surface settlements (Clayton et al., 2006) were 

presented. An earlier paper by Clayton et al. (2002) studied the performance of pressure cells in 

sprayed concrete linings, focussing mainly on laboratory tests and numerical modelling to improve 

understanding of cell action factor, temperature sensitivity and installation effects, but did not 

present a complete set of field data. Jones & Clayton (2021) built on and refined the interpretation 

of Clayton et al. (2002), allowing a complete interpretation of stresses in a sprayed concrete primary 

lining in this paper, where the whole data set, including more recent data, are included, making this 

a unique, nearly 20-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 situ total stress with ὑ ρȢπ). 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 when measurements 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 others, have 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 well studied and has received nowhere near as much attention as the deformations of 

the ground and lining (van der Berg et al., 1998b). The main reason for this is the difficulty in 

obtaining reliable measurements of stress throughout the life of the sprayed concrete from 

construction into the long-term, and the commitment of the client and other parties required to 

continue monitoring beyond the construction period. This paper seeks to address this gap by 
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providing high quality data that can enhance understanding of how ground loads come onto sprayed 

concrete linings during construction and in the long term, which can be used for the calibration of 

empirical and numerical predictions.  

3 The construction of the Concourse Tunnel 

The layout, geology, construction sequence and construction details of the concourse and platform 

tunnels are described in van der Berg et al. (2003) and Clayton et al. (2006), but important details 

will be replicated here. The layout of the Heathrow Express Terminal 4 station is shown in Figure 1. It 

consists of two platform tunnels with a central Concourse Tunnel at the North-eastern end. These 

tunnels are connected by a series of cross passages and connected to the North and South 

Ventilation Tunnels at each end, which were constructed after the Concourse Tunnel. The Downline 

Ventilation Tunnel, which connects the North Ventilation Tunnel to the Downline Platform Tunnel, 

underpassed the Concourse Tunnel while the Concourse Tunnel was itself being constructed. These 

events will be highlighted when the stress results are presented.  
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Figure 1: Plan of tunnels at Heathrow Express Terminal 4 station, showing location of Concourse Tunnel and layout of 
monitoring points and instruments (from van der Berg et al., 2003). 

The Platform Tunnels are over 220 m long with a cross-sectional area of 62 m2, and the Concourse 

Tunnel is 64 m long with a cross-sectional area of 49 m2. A cross-section of the Concourse and 

Platform Tunnels is shown in Figure 2, which also shows the surface level and geological strata. The 

Concourse Tunnel axis is at a depth of 17.2 m below ground level and the tunnel is entirely within 

the London Clay. Detailed identification of stratigraphy by Hight et al. (2007) for the Heathrow 
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Terminal 5 project suggests that the Concourse Tunnel is approximately in the middle of the 25 m 

thick B2 unit of the London Clay according to the lithological division by King (1981). Piezometers 

across the site and at different depths indicated a piezometric level in the Terrace Gravels at 

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., 2003). The centreline spacing 

between the Concourse Tunnel and the Platform Tunnels is 13.5 m. 

 

Figure 2: Cross-section of Concourse and Platform Tunnels  

Tunnelling works started at Terminal 4 on 10th May 1994 but were suspended by the end of October 

1994 following the collapse of the sprayed concrete lined Concourse and Platform Tunnels at 

IŜŀǘƘǊƻǿΩǎ /ŜƴǘǊŀƭ ¢ŜǊƳƛƴŀƭ !ǊŜŀ όI{9Σ 1996), approximately 1.5 km North of the Terminal 4 

station. At the time of the collapse approximately 25 m of the Downline Platform Tunnel and 65 m of 

the Upline Platform Tunnel at Terminal 4 had been constructed, both commencing from the North 

Ventilation Tunnel.  

Tunnelling works at Terminal 4 resumed with Downline Platform Tunnel construction on 15th 

September 1995, followed by the Upline Platform Tunnel on 2nd December 1995. Construction of the 

Concourse Tunnel commenced in September 1996 after completion of the adjacent sections of the 
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permanent secondary lining in the Upline and Downline Platform Tunnels. The Concourse Tunnel 

headwall was completed on 7th November 1996. 

The construction sequence for the Concourse Tunnel used a top heading, bench, top heading, bench, 

double-invert sequence. The invert was closed five rounds from the face. The construction sequence 

is schematically illustrated in Figure 3. A detailed description is provided in the Supplementary 

Information. The advance length varied from 0.8 m to 1.2 m depending on ground conditions and 

design requirements, including the proximity of sensitive structures. The primary support for the 

Concourse Tunnel consisted of 350 mm of sprayed concrete (shotcrete), reinforced with two layers 

of welded wire mesh and full-section lattice girders. 

 

Figure 3: Concourse Tunnel construction sequence (from van der Berg et al., 2003) 

This paper will focus on the pressure cells installed in Main Monitoring Section I (MMS I) and Main 

Monitoring Section VIII (MMS VIII) of the Concourse Tunnel. The locations of these sections are 

shown in Figure 4 and in the location plan (Figure 1). Both monitoring sections were installed in the 

second top heading of the repeating 5-stage sequence shown in Figure 3. This is also illustrated in 

ǘƘŜ Ψ!ŘŘƛǘƛƻƴŀƭ LƴŦƻǊƳŀǘƛƻƴΩ ŦƛƭŜ ǿƘŜǊŜ ǘƘŜ ǊŜƭŀǘƛǾŜ Ǉƻǎƛǘƛƻƴǎ ƻŦ ǘƘŜ ǇŀǊǘƛŀƭ ŜȄŎŀǾŀǘƛƻƴ ŦŀŎŜǎ ŀǊŜ 

shown at the time of each pressure cell reading. 
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Figure 4: Long section of the Concourse Tunnel showing locations of MMS I and MMS VIII 

At each section, 12 tangential pressure cells and 12 radial pressure cells were installed. The locations 

are shown in Figure 5. In MMS I there were no tangential pressure cells installed at positions 10 and 

11, but positions 4 and 5 were equipped with two 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, but two were installed at positions 6 and 7 near the extrados and intrados. Where two 

tangentƛŀƭ ŎŜƭƭǎ ǿŜǊŜ ƛƴǎǘŀƭƭŜŘ ŀǘ ǘƘŜ ǎŀƳŜ ǇƻǎƛǘƛƻƴΣ ǘƘŜ Ψh¦¢Ω ƻƴŜ ǿŀǎ ŎŜƴǘǊŜŘ ммл ƳƳ ŦǊƻƳ ǘƘŜ 

ŜȄǘǊŀŘƻǎ ŀƴŘ ǘƘŜ ΨLbΩ ƻƴŜ ǿŀǎ ŎŜƴǘǊŜŘ нол ƳƳ ŦǊƻƳ ǘƘŜ ŜȄǘǊŀŘƻǎ ŀƴŘ мнл ƳƳ ŦǊƻƳ ǘƘŜ ƛƴǘǊŀŘƻǎΦ 
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Figure 5: Main monitoring section schematically showing locations of pressure cells and strain gauges embedded in the 
sprayed concrete primary lining 

The radial pressure cells installed in the Concourse Tunnel were Geokon model 4850-2 oil-filled 

vibrating wire cells, and the tangential pressure cells were Geokon model 4850-1 oil-filled vibrating 

wire cells. The technical specifications were given in Jones & Clayton (2021).  

4 Radial stresses 

A selection of the recorded radial pressures is shown in Figure 6 for MMS I and Figure 9 for MMS 

VIII. The positions of the radial pressure cells are marked by radial lines normal to the extrados of 

the lining. The outer perimeter represents the full overburden pressure of 335.4 kPa, i.e. the vertical 
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in situ total stress at tunnel axis level, based on a bulk unit weight for the Made Ground, Terrace 

Gravel and London Clay of 19.5 kN/m3.  

It is important to note that pressure cells measure total stress only, and are unable to distinguish 

between effective stress and pore pressure. 

Where data is missing, explanations are given in the Supplementary Information. 

4.1 MMS I radial stresses 

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

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

The first diagram in Figure 6 shows that radial pressures built up with time around the top heading 

uniformly as the sprayed concrete became stiffer and the next stages were excavated and lined (c.f. 

Figure 3). At 15/10/96 10:00, 23 hours after spraying the top heading, the average radial pressure 

was 29% of the full overburden pressure. 
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Figure 6: MMS I radial stresses (L-R, top-bottom: top heading, bench, invert, 7-14 days, 17-171 days, 171 days to 18.6 years) 
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When the bench was excavated and sprayed, it had little effect on the top heading pressures. 

Initially the bench radial pressures were small but by 16/10/96 06:00, 15 hours after spraying, the 

average pressures in the bench reached 81.5 kPa, 24% of the full overburden pressure.  

When the invert was excavated, there was a noticeable increase in the bench radial pressures as 

ground arching imposed more 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 concrete was 27 

hours old and radial pressures had reached a similar order of magnitude as in the bench and top 

heading; the sprayed concrete lining could now be said to be acting as a ring. The overall average 

radial pressure was 123.5 kPa, 37% of the full overburden pressure. The average radial pressure at 

the Crown (PCR1-5) was 29%, at the Bench (PCR6-9) 39% and at the Invert (PCR10-12) 43%. 

Over the following 10 days, from 18/10/96 to 28/10/96, as the tunnel continued to advance beyond 

MMS I, there was very little change in the radial pressures. This was unexpected as one would 

expect a gradual change from front-to-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), there were some readjustments of the stress state due to casting of the secondary 

lining invert section, which increased the radial pressure at the invert due to the weight of concrete, 

and also due to temperature changes. The underpassing of the Downline Ventilation Tunnel on 

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

(c.f. Figure 6). 

Figure 7 shows the trend of average radial pressures and average temperatures at Crown (PCR1-5), 

Bench (PCR6-9) and Invert (PCR10-12) measured by thermistors attached to the radial pressure cells 

during this period, as a percentage of full overburden pressure. There is some correlation between 

temperature and radial pressures. Temperatures decreased from above 30°C during construction to 

below 15°C about 2 months later, resulting in a reduction in the average radial pressure. The 
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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 effect of casting the 

rest of the secondary lining was not evident in the temperature readings in the Top Heading and 

Bench. 

 

Figure 7: MMS I - average of radial pressures as percentages of full overburden pressure, and average temperatures at 
Crown, Bench and Invert, from invert closure 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 

is constrained by the surrounding ground, resulting in an increased radial pressure. As temperature 

decreases, the tunnel lining contracts and the radial pressure decreases. Therefore, the equilibrium 

state is constantly changing as temperature changes. This wilƭ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨƎǊƻǳƴŘ ǊŜŀŎǘƛƻƴ 
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ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƛǘƛǾƛǘȅΩ (see Jones & Clayton, 2021). It represents a real stress, so will not be 

removed from the data. 

A feature evident in Figure 7 is a rise and fall in average pressures peaking at 21 days (marked with 

an asterisk in Figure 7). This was experienced by all the functioning radial pressure cells to varying 

degrees. This was not temperature-related, and construction records do not indicate an obvious 

cause.  

The long-term readings from 171 days to 18.6 years in Figure 6 show a slight increase in radial 

pressure at the invert and bench areas. The crown radial pressure cells (PCR1-5) were not reading, 

although there was a recovery of PCR3 at 18.5 ŀƴŘ муΦс ȅŜŀǊǎ ŀŦǘŜǊ ƛǘ ŘƛŘƴΩǘ ǊŜǎǇƻƴŘ ŀǘ тΦт ŀƴŘ 8.4 

years and this is shown as the average value in Figure 8 for the crown area. Therefore, it is not 

possible to come to any firm conclusions about radial pressures around the crown. Figure 6 shows 

that the tendency for PCR12 in the centre of the invert to measure a lower pressure than PCR10 and 

PCR11 seems to even out in the long-term. This is due to the shape of the invert: at position 12 the 

lower curvature makes the structural response more flexible relative to the high curvature at 

positions 10 and 11. This means that there is more unloading of the London Clay, and hence lower 

radial pressure in the short-term at position 12, whereas the stiffer structural response at positions 

10 and 11 will tend to attract more radial pressure in the short-term. In the long-term, dissipation of 

negative excess pore pressures and the associated swelling of the clay at position 12 in the centre of 

the invert will tend to even out the radial pressure distribution. 
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Figure 8: MMS I - average of radial pressures as percentages of full overburden pressure, and average temperatures, at 
Crown, Bench and Invert, from construction to 18.6 years. 

4.2 MMS VIII radial stresses 

Survivability of the MMS VIII radial pressure cells was much better than for MMS I. Although there 

were short periods when readings were not obtained from one or more radial pressure cells, all 12 

were still measuring radial stresses at 8.3 years and all except PCR7 were giving readings at 18.6 

years.  

The first diagram in Figure 9 shows the initial readings of the top heading radial pressure cells. At the 

time of spraying the bench, 13.5 hours after the top heading was sprayed, the average radial 

pressure on the top heading was 21% of the full overburden pressure. 




