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ABSTRACT: London Underground has been undertaking a major upgrade of its ageing 19th century infrastructure since early 1990’s. 
A major challenge involved the imperative to ensure that the works did not disrupt passenger journeys in the period leading up to and 
during the 2012 London Olympic games.  As part of the upgrade, ballasted track replacement works were undertaken along District 
Line sub-surface tunnels between Sloane Square and Victoria stations, which is one of the busiest routes.  Unexpected rapid 
deterioration in trackbed performance and structural movements in one of the tunnels occurred soon after the BTR.  This paper 
discusses the tunnel risk management plan that was successfully implemented and avoided any unnecessary disruption to the 
operational railway, particularly before and during the 2012 London Olympics.  

  

RÉSUMÉ : Depuis le début des années 1990, le métro de Londres a entrepris une rénovation majeure de ses infrastructures vieillissant
es datant du 19ème siècle. Cela a représenté un défi majeur car les travaux ne devaient pas perturber les voyageurs pendant la période 
précédant et durant les Jeux olympiques de 2012. Dans le cadre des rénovations, des opérations de remplacement du ballast des voies 
(BTR) ont été effectuées dans les tunnels de la District Line entre Sloane Square et la gare Victoria, ce qui est l'un des itinéraires les pl
us fréquenté de Londres. Une détérioration rapide et inattendue des voies et des mouvements structurels sont apparus dans l’un des tu
nnels après le BTR. Cet article discute de la gestion des risques du tunnel qui a été implémenté avec succès en évitant des perturbation
s du réseaux, contribuant à la réussite des Jeux olympiques de 2012.. 
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1  INTRODUCTION 

London Underground’s District and Circle Lines within Central 
London were constructed in the 19th century.  The shallow 
brick tunnels were built using cut-and-cover techniques (Baker 
1885). In areas where the tunnels would flood when the tide 
came in from the River Thames they were constructed with a 
brick invert. Where the tunnel was above the River Thames 
high water level (as between Victoria and Sloane Square) the 
tunnels comprised brick horseshoe shaped arches with no invert, 
founded in London Clay (Figure 1). The main section of the 
arches lies within Terrace Gravel overlain by Made Ground 
with typical cover of 2-3m.  The average depth of ground 
including ballast on trackside (passive side) is 1.5m, and some 
of the tunnels are marginally stable (Baker 1885 and Nyambayo 
2007).  

  
Figure 1. Typical tunnel geometry (after Baker 1885) and idealized 
stratigraphy 

 
As part of a major infrastructure renewal programme, bal

lasted track replacement works (BTR) involving removal 
and replacement of up to 450mm of existing life expired ballast 
were carried out in 2005 between Sloane Square and Victoria 
stations (Figure 2) within a section of shallow brick tunnel. 

   
 

 

 

 

 

 

 

Figure 2. Excerpt of London Underground’s tube map depicting site 

Unexpected rapid deterioration of the trackbed including 
wetbeds along a circa 500m length of track soon occurred.  
Following an upgrade of the original track/tunnel drainage 
system, the BTR was repeated in 2008/9 with the additional 
incorporation of a 100mm thick sand blanket to further improve 
drainage.  Monitoring prior to the repeat BTR indicated that 
inward movement of approximately 15mm of the tunnel 
sidewalls had occurred in one of the tunnels (TL12, Figure 3) 
and the observations indicated a continuing trend.  By that 
stage the planning of the 2012 London Olympics was quite 
advanced and there was an imperative to deliver a safe, reliable 
and efficient transport system during the Games particularly as 
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a number of competition venues were in close proximity to the 
Sloane Square/Victoria area.  Therefore the ongoing tunnel 
movement required that a risk management strategy be 
developed that would maintain the risk to the operational 
railway as low as reasonably practicable (ALARP) whilst 
avoiding any unnecessary disruption to the operational railway, 
particularly before and during the 2012 London Olympics. 

This paper describes the risk management strategy that was 
successfully implemented until the tunnel sidewalls were 
propped in May 2014 after the London Olympics. 
 

 
Figure 3. Site location showing tunnel TL12 & sewer crossing PC22 

2  TUNNEL MOVEMENTS 

At the time the tunnel movements were first identified in 2008,  
and assuming the rate of movement remained constant, the 
projected tunnel convergence (at just above rail level) during 
the following 4yrs to the 2012 Olympics would be well in 
excess of 100mm. Such magnitude of movements would 
threaten the structural integrity of the tunnel and compromise 
the tunnel clearance tolerances, when considering the kinematic 
envelope required by the District and Circle Line rolling stock. 

It was therefore crucial that thorough investigations be 
carried out to understand the underlying causes of the tunnel 
movements in order to identify the optimal engineering risk 
mitigation solution.  Details of the investigations are discussed 
in Nyambayo & McGinnity (in preparation) and Nyambayo & 
Saffari (in preparation). 

It was recognized that due to the non-linear behaviour of soil, 
there was a theoretical risk that if the foundation soils became 
overstressed plastic yielding of the soil could result in an 
acceleration of the tunnel movements.  This aspect was 
significant, noting the complex history of the tunnels and 
associated stress changes within the ground. 

3  RISK MANAGEMENT STRATEGY 

The development of the risk management strategy recognised 
the complexity of the problem and perceived that a number of 
measures would need to be invoked, in order to achieve a 
holistic solution. Although significant improvements in trackbed 
performance had been realised following the repeat BTR works 
in 2008, there still remained some issues regarding overall 
performance of the track/tunnel drainage system and the 
ongoing tunnel movements.  

 The project identified a number of risks which needed to be 
considered in the decision making process: 
(i) Track gauge could be compromised and potentially cause 

a train derailment. 
(ii) Track gauge could be compromised and potentially cause 

a train collision 
(iii) Tunnel walls could crack and compromise their structural 

integrity 
(iv) Ground movements could compromise structural integrity 

of adjacent 3rd party buildings and utilities 

(v) Sudden tunnel collapse could occur resulting in a 
catastrophic failure 

(vi) Tunnel could have to be closed for urgent repairs resulting 
in disruption of passenger service 

(vii) Tunnel could have to be closed for urgent repairs resulting 
in loss of revenue and goodwill, particularly in the run up 
to and during the 2012 London Olympics. 

A key element of the risk management plan involved monitoring 
of the tunnel using total station and extensometers at 
predetermined locations around the tunnel arch, in order to 
determine the x,y,z pattern of movements (Figure 3).  Trigger 
levels were then set by considering the kinematic envelope 
clearances, allowable strains within the brickwork of the tunnel 
arch and engineering judgement, as discussed below.   

3 .1  Trigger levels 

The project took into account the fact that historical 
movements of the tunnel since its construction were unknown 
and difficult to deduce, hence the tunnel would have already 
experienced some degree of straining prior to the movements 
associated with the BTR works.  Other factors considered 
included the fact that the convergence was inducing tensile 
stresses on the extrados of the tunnel where cracking would 
occur first, and this area is not visible to inspection.  Overall, 
compressive forces within these arches occurs on the intrados, 
and since brickwork has a much higher compressive strength, it 
was recognised that significant tunnel convergence could 
potentially occur before visible or tell-tale signs of cracking on 
the intrados could be identified through tunnel inspections, by 
which time the tunnel might already be significantly cracked and 
impaired or at risk of catastrophic collapse.   

Results of advanced soil-structure interaction analysis were 
analysed in order to assess the likely stress regime within the 
brickwork and how much further straining could potentially 
occur as a result of increased convergence.  These were 
compared with values permitted in the London Underground 
standard for the assessment of these tunnels.  The numerical 
predictions were synthesised to inform the process of 
establishing trigger levels.  In tandem with this work, 
monitoring readings were analysed to determine the tunnel 
clearances, taking into consideration the rolling stock used on 
the District & Circle Lines.  From this assessment the amount 
of theoretical permissible additional reduction of the clearances 
as a result of the tunnel convergence was determined.   

All the above aspects (predicted tunnel stresses, allowable 
brickwork stresses, residual tunnel clearances, engineering 
judgement etc) were holistically considered in order to 
determine the trigger levels.  Green, amber, red and black 
trigger values were then specified with the main consideration 
being the amount of tunnel convergence measured just above 
rail level as the prime indicator (array AE in Figure 4 and Table 
1).  Other trigger levels not reported in this paper were also set 
involving clearances between two trains passing each other, 
clearances between the tunnel and top edge of a train carriage 
nearest the tunnel arch, and the twist/cant of the track. 

 
Figure 4. Figure depicting monitoring arrays  
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Table 1. Tunnel convergence trigger levels (measured at just above rail 
level)  

Green <30mm Continue monitoring 

Yellow ≥30mm Design & plan installation of props 

Amber ≥40mm Install props 

Red ≥50mm Apply track speed restriction 

Black ≥60mm Suspend service 

 

3 .2  Emergency preparedness plan 

As part of the risk management strategy, an Emergency 
Preparedness Plan (EPP) was also developed.  The EPP spelt 
out the various actions to be taken for a number of perceived 
emergency scenarios relating to the stability and deformation of 
the tunnel, and it was linked to the trigger levels.  The EPP 
included provision for mobilization of proprietary propping 
which was stored locally with a dedicated engineering team on 
call 24 hours a day.  This emergency response team could be 
mobilized at short notice and be able to commence propping the 
tunnel within 2 hours.  In addition, an engineering review panel 
comprising senior representatives had overall control and was 
responsible for key decisions.  This high level team met 
frequently to review the monitoring data, results of tunnel 
inspections, results of ongoing investigations and direct the risk 
management strategy.  All this was vital to ensure the risk to 
the operational railway remained ALARP.  With time as the 
rate of movement reduced, the scope and frequency of meetings 
by the high level team was correspondingly reduced. 

3 .3  Options for risk mitigation 

Three main options were developed as part of the risk 
management strategy to ensure that the safety risk to the 
operational railway remained ALARP. In addition, a cost-
benefit analysis was carried out to inform the asset intervention 
decision making process (Tables 2 to 4). 
 
Table 2. Option 1: Continue with regime of monitoring & maintenance 
Main 
benefits 

 Lowest costs in the short to medium timescales 
  Leading to deeper understanding of the problem 
 Problem areas will be more clearly identified 
 Structure movements may ultimately stop before 

amber value is triggered 
 

Main risks  Problems may exacerbate and/or affect larger areas 
before remedial works are implemented 

 Opportunities to piggy-back access possessions to 
remediate may be missed 

 Potentially higher maintenance costs than normal e.g 
track 

 Structural impairment of 3rd party assets eg. buildings 
and utilities 

Cost UK £80 000 to £100 000 
 
 
Table 3. Option 2:  Targeted Remediation and enhanced monitoring 
Main 
benefits 

 Some of the works can be carried out by piggy-
backing other possessions, whilst others can be 
executed during Engineering Hours 

 Solution focuses on known problem areas 
 Unlike a full renewal, this option reduces the scope  

and cost of remediation 
 Enables deeper understanding of the problem 
 Movements may stop before Amber trigger level 

Main risks  Targeted remediation alone may not eliminate all 

the problems 
 Significant initial costs 
 Loss of knowledge and experience if some of the 

project team members  move on to other projects 
 Continued monitoring and maintenance costs 
 Risk of structural impairment of 3rd party assets eg. 

buildings and utilities 
Cost UK £1.5  million to £1.65 million 
 
 
Table 4. Option 3: Enhanced remediation 
Main 
benefits 

 Solution ensures that all the tunnel/drainage/track 
problems are addressed 

 Rate of tunnel deformations and track quality 
deterioration likely to significantly reduce to 
acceptable levels. 

 Risk of structural impairment of 3rd party assets is 
likely to be eliminated 

Main risks  Substantial initial costs. 
 Potential major disruption to the operational railway 
 Much of the drainage work will involve removal 

and reinstallation of material that is relatively new 
 Unnecessary expenditure may be incurred 

remediating areas which are not at risk 
 

Cost UK £4.5 million to £4.95 million 

3.3.1   Selected options 
Option 1 was selected as a short to medium term risk 
management strategy following a thorough review of the 
engineering options, in the context of the LU asset 
management strategy and the identified quantified safety 
and performance risk.  In conjunction with the 
implementation of Option 1, field-based investigations and 
desk top studies (which included advanced soil-structure 
interaction analyses to predict future movements) were 
undertaken to deepen understanding of the problem and the 
root causes of the tunnel movements.  These are detailed in 
Nyambayo & McGinnity (in preparation) and Nyambayo & 
Saffari (in preparation).   
  A key focus of the studies was the pattern of the actual 
tunnel movements and performance of the trackbed.  These 
studies indicated improvements in the drainage and 
performance of the trackbed following the repeat BTR 
works of 2008/9, and it was observed that the rate of tunnel 
movements were gradually reducing with time.  However 
overall there still remained some concerns, as discussed in 
the following section. 

4  LONG TERM RESOLUTION 

It was observed that the relatively high convergence rate of 
the tunnel side walls (approx. 3mm per month measured just 
above rail level (pre-2009) gradually reduced with time, and 
by 2012 the rate of convergence just above rail level had 
reduced to approximately 0.3mm per month.  However, the 
projected long term movements were likely to breach the 
amber trigger value in the medium term.  It is notable that 
an amber trigger value corresponding to 40mm of tunnel 
convergence as measured above rail level (datum = base 
readings of the 2005 BTR) had been set.  Towards the end 
of 2013 the field data indicated tunnel convergence of 
34mm.   
  A decision was therefore made to carry out detailed 
design for targeted remedial works (effectively Option 2) 
involving propping (steel ground beams) of the tunnel 
sidewalls.  Further tunnel/trackbed drainage works were 
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also developed to relieve ground water pressure particularly 
around tunnel sidewalls.  In line with the concept of Option 
2, the remedial works were to be installed via piggy-backing 
other pre-planned maintenance works, thereby saving 
project costs. 

3 .1  Methodology for propping tunnel 

In considering possible remedial options, the overriding 
factors were the limited access for plant and equipment, the 
need to limit any remediation to weekend possessions and to 
use methodologies that have been previously successfully 
utilized on similar shallow brick tunnels over the London 
Underground network.  This soon narrowed the options to 
ground beams (concrete or steel) and on further assessment, 
steel beams installed at rail sleeper level between the tunnel 
sidewalls were chosen as the preferred option. 
 Based on further structural assessment it was determined 
that the 6 no props should be installed across the tunnel at 
the location of maximum tunnel movements over a length of 
7.16m.  Details of the propping are depicted in Figures 5 to 
8. 

 
Figure 5. Layout of propping beams under the track 

  

 
Figure 6. Extent of propped section 

 

 
Figure 7. Segmental units installed beneath running rails and bolted 
together to form ground beam. 

 

 
Figure 8. Completed beams covered with brightly covered metal plates 
as visual markers and protection during future maintenance works 

5  CONCLUSIONS 

The LU District and Circle Line brick tunnels between Victoria 
and Sloane Square are nearly 150 years old and will be required 
to be maintained as an operational railway structure for the 
foreseeable future. A key component of the LU asset 
management strategy is the process for maintaining the asset in 
an economically sustainable in-service condition. All civil 
engineering assets progressively deteriorate and degrade both 
from natural aging as well as from 'wear and tear'. 
Understanding how and why these structures and their 
components progressively alter from their as-built state is 
fundamental to robust asset management and maintenance 
practices. The underlying causes of deterioration and 
degradation of aged structures are frequently very complex and 
require engineering studies to gain a better understanding of the 
safety and performance risk to the operational railway.  A risk 
mitigation strategy for a 19th century tunnel experiencing 
movement on London Underground’s railway infrastructure was 
successfully implemented to ensure that the safety risk to the 
operational railway remained ALARP and the performance of 
the railway infrastructure was not compromised, particularly 
before and during the 2012 London Olympics. 
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