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Description of Work

The London Underground Ltd (LUL) network comprises 392km of route track, of which 123km exists as earth embankments. Nearly all of the LUL embankments were built by end-tipping London Clay fill obtained from cuttings or tunnel excavation. The embankments were invariably topped with lightweight locomotive ash fill to bring them up to the required level and act as ballast. Around 90% of these earth structures are more than 75 years old and showing increasing signs of deterioration and distress leading to increasing maintenance costs and track speed restrictions.  The Soil Mechanics Group of Imperial College together with GCG have been involved in several aspects of embankment monitoring, analysis and the development of remedial measures.

GCG was asked to examine the performance of the strengthening works conducted on the embankments through two suites of finite element analyses. Initially, the aim was to examine the mechanism of possible failure and the strain pattern preceding it. A further aim which evolved as the work proceeded was to examine the effect of cycles of wetting and drying on deformation. Twin walls, constructed on either side of the embankment crest and linked with shallow ties, have evolved as one of the principal forms of reconstruction used by LUL to stabilise the embankments. The purpose of the second set of finite element analyses was to consider the interaction of such walls with the clay fill inside the embankment.

The finite element analyses revealed that embankment collapse could occur with negligible strength reduction due to progressive failure. The analyses further showed that cyclic drying and wetting caused on-going lateral movement, which, in strain-softening materials, could lead to a slip in a slope with a factor of safety greater than one. The effect of the twin walls is to ‘cut off’ the sliding movement from the centre of the embankment where the tracks are located; however, they do not provide sufficient reinforcement to prevent the development of a  slip outside the walls. Such a slip would remove some of the lateral support against the wall, reducing wall stability and changing the bending moments.  Hence, during wall design, it is sensible to consider this external slip scenario as an additional design criterion. In this respect, the analyses support the view that the management of the embankment slopes is desirable even after walls have been constructed.

In a separate research contract, GCG assisted Imperial College in the investigation of the potential of the Calcite In Situ Precipitation System (CIPS) as a novel method of ash stabilisation.  CIPS is an innovative new technique developed by the CSIRO in Australia whereby soil particles and their contacts are cemented with calcite cement delivered in a non-toxic, non-particulate solution.  The calcite precipitation leads to increases in soil strength and stiffness.  The advantages of the CIPS process in comparison to current methods of embankment stabilisation include the ease of application which can be through surface spraying without the need for track closures or intrusive drilling.

Following initial laboratory studies using construction ash, a one metre high, ten metre long ash embankment was built in a warehouse and treated with the CIPS solution.  The treated ash exhibited a fourfold increase in stiffness, as measured through Rayleigh wave geophysics, allowing the excavation of tunnels and caverns, and showing increased resistance against water erosion. 
A field trial was conducted on a disused former LUL embankment at Ongar in Essex in October 2001. Application of the CIPS solutions was through simple spraying techniques that could be applied using a track-mounted trolley. Falling weight deflectometer tests and Rayleigh wave geophysics demonstrated increases in ash stiffness. Investigations into the effects of cyclic train loading were also undertaken.
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