
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 11th  
International Symposium on Field Monitoring in 
Geomechanics and was edited by Dr. Andrew M. Ridley. 
The symposium was held in London, United Kingdom, 
4-7 September 2022.  

https://www.issmge.org/publications/online-library


 
 

1 

 

Long-term Field Monitoring to Manage Performance of Earth Structures on the London 

Underground Network 

Nader SAFFARI1 and Andrew RIDLEY2  

1TfL Engineering, Transport for London 
2Geotechnical Observations Limited 

Corresponding author: Nader Saffari (nader.saffari@tube.tfl.gov.uk) 

 

Abstract 

The earth structures on the London Underground (LU) network are over 80 years old with some as old as 150 

years old.  Most of the cuttings are formed in London Clay and the embankments were generally formed from 

the excavated material from London Clay cuttings. The original construction of these earth structures was not 

scientifically undertaken with over-steepened cuttings and poorly compacted embankment fill. Many of them 

have been showing signs of movement and past instabilities since the early 1990s. Over the last decade the 

impact of climate change and extreme weather events have become more frequent.  This has led to severe 

flooding and disruption of some rail infrastructure including some injuries and a few fatalities.  

Therefore railway infrastructure needs to be carefully managed and LU has developed and operated a proactive 

risk-based Earth Structures (ES) asset management regime since the late 1990s which has delivered the key 

business objectives of improved asset safety, reliability and availability, whilst delivering efficiency and cost 

savings. Detailed and deep monitoring of earth structures has provided improvements in the understanding of 

behaviour of the ES asset base as well as managing the risk of instability.  This has allowed decisions to be 

undertaken with a greater degree of certainty resulting in significant cost savings being realised in the LU ES 

remediation programme without compromising the safety of the railway. 

This paper presents the scope of the monitoring undertaken as well as discussing the data collection, analysis 

and the how the data has been used to safely manage the assets.   
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1. Introduction 

The London Underground railway system consists of approximately 463 route kilometres of track route of which 

239 km is supported by earth structures.  The earth structures comprise 116 km of cuttings and 123 km of 

embankments.  The cuttings are mostly formed within the London Clay Formation and the embankments are 

predominantly constructed of fill derived from London Clay excavations.  These earth structures are over 80 

years old with some as old as 150 years and show some signs of movements and past instability. 

The original construction of the earth structures was poor, the cuttings were excavated to relatively steep slope 

angles and the embankments were formed by directly dumping the excavated material from the adjacent 

cuttings.  As the excavated material was not sorted and stockpiled, the resulting embankments were composed 

of variable and non-uniform materials.  This variability of material within the embankments is an important 

feature which impacts the performance of these structures and is therefore vital to the safe and reliable 

operation of the railway.  Therefore, it is important that these assets are managed and maintained such as to 

ensure the safety of staff, customers and the public. LU has developed and operated a proactive risk-based asset 

management regime since the late 1990s for earth structures.  This management system (Figure 1) broadly 

comprises the following: 

• Condition Appraisal 

• Maintenance 

• Repair and Renewal  

Monitoring is seen as an essential and important component of the asset management regime.  Monitoring of 

earth structures on the London Underground network started in the 1990s when the network experienced 

failures of some cuttings and embankments after heavy and prolonged rainfall events.   The objective of the 

monitoring was to understand the behaviour and performance of these structures and in particular the pore 
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water pressures within the slopes.  However, it wasn’t until 2007 when monitoring was used as a part of the 

asset management system to safely manage the condition of the assets. 

 

 

Figure 1: London Underground’s Asset Management System for earth structures. 

 

2. Instrumentation and monitoring 

2.1 Objectives 

The key objectives of the monitoring are as follows: 

• Obtain data for analysis and design 

• Observe the performance  

• Manage the safety risk 

2.2 Observational monitoring 

In some cases the results of analytical assessments may indicate that an asset does not meet the minimum 

criteria of the LU standard in terms of the calculated factors of safety for slope stability.  However in contrast, 

the physical condition of the asset through inspection does not show any signs of potential instability.  In this 

case the calculated factors of safety are considered to be perhaps too conservative and not representative of 

the actual condition of the assets.  

For these assets a monitoring regime is established in order to measure the actual pore pressures within the 

slopes over a long period of time which is often many years to ensure that a representative sample of climate 

and seasonal responses is recorded. The monitoring is continued until adequate data is collected to establish 

trends and demonstrate that the worst credible conditions have been experienced. 

At this stage either a re-assessment is carried out to upgrade the condition classification for the asset or 

monitoring is continued as a means of managing the asset in the longer term, until such time that the data 

indicates the need for remediation.  This method can result in potentially significant cost savings compared to 

the cost of the remedial works. 

2.3 ALARP monitoring 

Assets that through analytical assessment fail to meet the minimum condition for the railway to operate without 

restriction are normally included in a work-bank for remediation. However, in order to manage the risk to the 

operation of the railway at ALARP (As Low As Reasonably Practicable) level, these assets are placed into a “deep” 

monitoring regime in order to detect development of any early signs of instability. 
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The London Underground Earth Structures team has been involved in the design, procurement, data acquisition 

and interpretation of the data from comprehensive monitoring systems for a number of assets over the last 

fifteen years. The results of the monitoring are utilised to re-calculate the factors of safety on a regular basis in 

order to check that adequate margin of safety is available. 

Mitigation measures are put in place to ensure appropriate actions are taken in case the margins of safety are 

reduced below critical levels.  For assets that are considered to be more critical an Emergency Preparedness Plan 

(EPP) is put in place with allocated actions when trigger levels are exceeded. 

2.4 Typical instrumentation for monitoring slopes and associated challenges 

Working on London Underground infrastructure is challenging. Many of the slopes are steep, with loose 

materials near the surface and heavily vegetated with large self seeded mature trees and dense undergrowth 

that must be cleared to provide adequate and safe spaces to work in. Although the network is predominantly 

located within urban areas, access to the slopes is frequently difficult because often drilling equipment has to 

be taken through narrow passages and gardens. Moreover when the site is reached there are ubiquitous cable 

runs that have to be negotiated. 

To get representative measurements, particularly of movements along relatively deep shear planes, it is 

necessary to use competent drilling equipment, which must negotiate all of the features described above. Cable 

percussion drilling is possible but generally requires the construction of working platforms that can be 

prohibitively expensive and risky, especially on cutting slopes where the operating railway lies below the location 

of the drilling. Smaller dynamic rigs are better suited to the task because they are light and can be dismantled, 

carried and rebuilt on location (Figure 2). Such a process was developed and 100mm diameter boreholes to a 

maximum of 15m were repeatedly achieved. 

 

 

Figure 2: Challenges associated with installing deep instrumentation on London Underground. 

The instrumentation that was installed for these investigations comprised 70mm diameter inclinometer casings, 

19mm diameter open standpipes and flushable hydraulic piezometers (Figure 3). The flushable piezometers are 

preferred over standard vibrating wire piezometers because of the prevalence of negative pore water pressures 

(suctions) caused by the combination of heavily over consolidated and/or compacted clays and the presence of 

vegetation, particularly deciduous trees. 

Suctions can cause air to form in a piezometer and if the air isn’t removed the measurement might not be 

representative of pore water pressure in the ground. Standard vibrating wire piezometers can measure negative 

pore water pressures, but it is not possible to remove the air if it forms. This problem is exacerbated by the use 

of porous ceramic filters with very fine pore sizes (high air entry filters) which trap the air inside the piezometer. 

The flushable hydraulic piezometers described here were developed in the early 1990s during an intensive 

applied research programme funded by London Underground and have been successfully used to measure 

negative and positive (i.e. seasonal) pore pressures in earth structures across the London Underground network 
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as well as other infrastructure (e.g. Network Rail, National Highways, Canals and River Trust and HS2). An 

additional benefit of the hydraulic piezometer is that it can easily be removed and replaced should a sensor 

become defective, which makes it particularly useful for long-term monitoring programmes where maintenance 

is essential. 

 

Figure 3: Flushable hydraulic piezometer (after Ridley et. al., 2003). 

 

3. Measurements and interpretation 

An example of an ALARP type of monitoring is a London Clay cutting between Chigwell and Grange Hill, C056 

CTS4B.  This cutting has a history of past instability since construction and has been subject to a monitoring 

regime for more than ten years but has now moved into remediation phase during the last two years.  In 

preparing for the construction of the remedial works all the vegetation on the cutting, including many large and 

mature trees, was removed. However, the monitoring installations were retained and monitoring has continued 

throughout the enabling and subsequent construction work, which is still in progress. 

3.1 Effects of vegetation 

The results from a flushable hydraulic piezometer and an open standpipe are shown in Figure 4.  The removal of 

the large number of mature trees from the cutting can be seen to have a significant impact on the pore water 

pressures within the cutting.  

 

Figure 4: Measurements of pore water pressure from a flushable hydraulic piezometer and an open standpipe. 
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It can be seen that before the trees were removed the piezometers (a flushable piezometer and an open 

standpipe piezometer) recorded cyclic seasonal response.  This is normally associated with an increase in pore 

pressures in the winter (wet season) when the rainfall is greatest and the water demand from the trees is lowest.  

In contrast the pore pressures reduce in the summer (dry season) when the rainfall is normally lowest and the 

water demand from the trees is highest.  Open standpipes cannot detect the magnitude of the negative pore 

water pressures, recording only “dry” conditions, which is another significant advantage of the flushable 

hydraulic piezometers. The removal of the trees in December 2018 resulted in an increase in the recorded pore 

water pressures and subsequently they showed little or no cyclic seasonal response. This was successfully 

recorded by both the open standpipes and the flushable hydraulic piezometers. 

The effect of removing the vegetation can also be seen on the inclinometer measurements (Figure 5) where 

after the vegetation was removed the cyclic, near surface, down-slope movements seem to become less cyclic 

and increase in magnitude.  This is likely to be due to the wetting and swelling of the near surface clay soil. 

 

 

Figure 5: Inclinometer measurements before and after removal of vegetation. 

 

3.2 Evidence of pre-existing shear surfaces 

The inclinometer monitoring for two instruments: B19INC located in the lower slope and B20INC located in the 

upper slope are shown in Figure 6.  It can be seen that whilst the total movement is relatively small, there is 

evidence that a potential slip surface is beginning to develop at a depth of 3.0 to 3.5m, indicated by a slight 

change in the gradient of the movement profile.  

Note that this mode of failure is not entirely dependent on the recorded porewater pressures from the 

piezometers, as their sensors/tips are installed deeper within the cutting slope.  Currently movement of these 

inclinometers has slowed significantly, however B20INC is beginning to show signs that the movement is 

accelerating again. 

The inclinometer data has been superimposed onto a Slope/W ground model for this section of the slope shown 

in Figure 7.  This indicates that the movements shown by the inclinometers could be along a pre-existing shear 

surface within the weathered London Clay (WLC in the figure) close to the boundary with the unweathered 

London Clay (LC). Based on the history of the cutting there is evidence that slope failures have occurred in the 

past. There is evidence that high cuttings partially formed in both the weathered and unweathered London Clay 

may be more prone to failures emerging at the location of this interface (Skempton, 1977). 
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Figure 6: Inclinometer measurements indicating movements on a possible pre-existing shear surface. 

 

Different lines correspond to 

dates between 2009 and 2021 
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Figure 7: Interpretation of displacements from inclinometer measurements. 

 

4. Conclusions 

This paper has described a long-term monitoring programme aimed at monitoring the performance and 

understanding the behaviour of aging earth structures on London Underground’s railway network. It has 

identified the problems associated with installing the instruments, presented some typical results and described 

how they have been interpreted to identify the effects of removing vegetation. Pore water pressures are seen 

to increase and can lead to a condition associated with reduced factors of safety for over-steepened slopes in 

heavily overconsolidated clays. Removing vegetation can also lead to re-activated movements along pre-existing 

shear surfaces. However, perhaps the most important conclusion is that how an appropriate monitoring system 

and detailed interpretation of the data can be utilised to identify the onset of slope instability.  Mitigating actions 

can then be taken in order to prevent failures and manage the risk to the operation of the railway. 
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