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ABSTRACT

As part of the West Coast Route Modernisation a new high speed junction has been constructed immediately south of Train Robber’s Bridge at Ledburn embankment. The embankment has proved a historically high maintenance structure and consequently stabilisation of the embankment has been integrated with the modernisation. 

Instability of the embankment was indicated by deformation of the track and services and by the irregular slope profiles. Extensive ground investigation followed by geotechnical modelling was carried out to identify failure mechanisms and allow design of both the remedial measures and the foundations for new overhead gantries.  Shear surfaces in the embankment foundation with a low residual strength were key to the observed deformations. 

The low factor of safety of the embankment required a structural solution and piling was chosen.  Special measures were required to ensure safe construction within the railway environment.  The associated buildability and safety problems were solved by utilising the strengths of the whole team, for example this enabled the temporary works to be incorporated into the permanent earthworks.  This integrated approach to design and construction required close Client-Designer-Contractor working relationships and this was reflected in the ability to meet the tight programme whilst adapting to on site conditions. 

BACKGROUND

Ledburn embankment carries the West Coast Mainline rail route for approximately 900m over low lying topography near Dunstable in Buckinghamshire. The embankment is split by Train Robber’s Bridge, where a minor road to the village of Ledburn passes beneath the line.  The embankment carries four tracks, the Down Fast and the Up Fast on the west side and the Up Slow and the Down Slow on the east side (Figure 1). The embankment has proved a historically high maintenance structure, requiring frequent reballasting.

As part of the modernisation of the West Coast Route, the track layout and hence the Overhead Line Equipment (OHLE) gantries at Ledburn Junction are being relocated.  Late in 2000 Cementation Foundations Skanska (CFS) were invited by the Watford Bletchley Alliance
 (WBA), who are responsible for the modernisation for this section of the route, to inspect the site with view to providing the new gantry foundations and any embankment stabilisation that would be required.  CFS visited the site with design partner Mott MacDonald (MM) with whom they have been operating as an integrated design and construction team for the remediation of earth structures since 1998.  This team approach has allowed great enhancements in design and construction efficiency, including optimisation of temporary works and buildabilty and the use of prefabrication for construction.  The partnership has also been involved in research projects with London Underground, Network Rail and academic institutions to increase the understanding of the problems associated with historic earthworks (eg Russel et al, 1999). 

GEOTECHNICAL INVESTIGATION

Site History

Most of the Network Rail infrastructure in the United Kingdon is well over 100 years old.  Due to the nature of the soils in England many embankments have been constructed from fill materials derived from plastic overconsolidated clays.  This has lead to a history of deformation problems requiring extensive maintenance and periodic slope failures (Perry et al, 1999).  Ledburn embankment is typical of such ageing earthworks; it was constructed with materials derived from the plastic Gault Clay and has now been in service for more than 150 years. 

A two track embankment (currently the Down Fast and Up Fast), approximatel 1km in length, was constructed on the site near Ledburn in 1837.  It is believed that the structure was widened on two separate occasions with one track added to the east in 1859 (the current Down Slow) and a further track added also to the east in 1876 (the current Up Slow).  The surrounding land is principally agricultural and is essentially unchanged since these times. 
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Figure 1 Layout of Scheme

Recent track monitoring had established that both vertical and horizontal track deformations were ongoing in the area of Ledburn embankment. This was most marked on the Up Slow and Down Slow lines where this was expressed in terms of the need for more frequent maintenance including reballasting.  The Fast side of the embankment performed significantly better, although there is evidence of previous slope stabilisation measures.  These include an access track to the south of Train Robber’s Bridge, which is effectively buttressing the slope and a sheet pile wall, approximately 120m long and a substantial slate covered berm, approximately 100m long, to the north of the bridge (Figure 1). 

Instability Indicators

The embankment has a maximum height, adjacent to Train Robber’s Bridge of up to 6.5m.  Site observations and topographic survey indicated that the overall slope angles were generally 18 to 19 degrees. However significant local variation existed with slope angles up to 30 degrees in some locations.  The steepest slopes were commonly at the crest where extensive reballasting had occurred resulting in displacement of some materials down the face of the embankment. The slopes were heavily vegetated, however the small trees showed signs of dislocation and the underlying slopes were commonly terraced or contained small lobes. There was also significant evidence of disturbance by animal activity.  The railway infrastructure was showing signs of distress with disturbances to the cable trough and evidence of undermining of the existing gantry foundations.  Track monitoring also showed that particular deformation was occurring adjacent to Train Robber’s Bridge at the junction between the rigid structure and the plastic clay fill. 

These features indicated that shallow instability was occurring in the slopes of the embankment, as evidenced by the irregular slope profiles.  However, the deformations to both the Up Slow and Down Slow lines suggested that deeper seated movements were also occurring.  This was also evidenced by some small bulges close to the slope toe by the boundary fence.

The embankment is founded on the Gault Clay Formation, a stiff overconsolidated clay of the Cretaceous System.  The Gault is well known for its high plasticity and the presence of pre-existing relic shear surfaces.  The surrounding low lying fields were also commonly covered with standing water indicating a high water table and a likely high moisture content of the natural clay.  Groundwater was also present within the embankment as indicated by numerous seepages through Train Robber’s Bridge.

Ground Investigation

Previous ground investigations had been carried out adjacent to the tracks, however these comprised mainly shallow excavations and focussed on the nature of the ballast and the sub-base.  In order to allow design of both the new OHLE gantry foundations and also the embankment stabilisation measures that would be required as part of the modernisation works, a thorough ground investigation was carried out.  

Table 1 Summary of Ground Investigation

	Hole Type
	No. Locations
	Typical Depth (m)
	Location / Purpose

	Cable Percussive Boreholes
	3 east

2 west
	10
	Centre or lower embankment slope, depending on local slope angles and access, to obtain disturbed samples and information at depth.

	Window Samples
	6 between tracks
	5
	Centre of embankment, carried out during possession, to obtain information of ballast depth and core fill materials.

	
	29 cess
	5
	At slope crest at new gantry locations, to allow piled foundation design.

	
	30 east

16 west
	5
	A series of three locations forming sections through embankment slopes, to allow modelling of embankment stability. Aligned to gantry positions where possible.

	Trial Pits
	3 east

5 west
	3
	At slope toe, to investigate relationship between embankment fill and natural ground.

Lower embankment slopes, to investigate fill materials.


Where access and health and safety considerations allowed cable percussive boreholes were constructed, although most ground investigation information was obtained firstly through trial pits at or near the embankment toe and secondly by window sampling, which could be carried out safely on the embankment slopes (Table 1). Trial pits were shored to protect the staff inspecting the in situ materials and also to prevent the excavation from having a detrimental affect on the embankment stability. A greater number of exploratory hole locations were positioned on the east side of the embankment where the instability was greatest. Exploratory holes were also constructed through the existing berm on the west side of the embankment to investigate the composition of this feature.  Piezometers were installed at twelve locations throughout the embankment and the formation to investigate the pore water pressure regime. 

The embankment was found to be generally constructed from a combination of ash, chalk fill and clay fill. Ballast and ash occur together, up to a maximum thickness of 2.5m in the six foot area and these materials supported the steepest slopes at the embankment crest. The reballasting and shallow slope instability has caused the ash and ballast to move down the slope, with thickness decreasing towards the embankment toe (Figure 2).  
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Figure 2 Generic Section Through Embankment
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Figure 3 Shear Surfaces in Embankment Formation


Clay fill, derived from the locally occurring Gault Formation forms the main core of the embankment.  The fill is likely to have been sourced from adjacent cuttings. The material is generally of high plasticity with a mean plasticity index in excess of 50% and a natural moisture content between 30 and 40%.  On the east side the ground conditions encountered are consistent with the embankment widening being carried out mainly with Chalk fill.  Chalk fill also occurs above the Gault on the western side of the embankment, maybe reflecting past deformation or settlement. As compaction was usually poor during construction of embankments of this age, substantial settlement of the original structure is likely to have occurred.  The chalk fill is mainly granular in nature, but in some places is a soft cohesive deposit, but of low plasticity.  Although not directly adjacent to a Chalk source, the line does pass through the Chalk outcrop approximately 5km further to the south.  A schematic section through the embankment is shown in Figure 2 with typical material descriptions in Table 2. 

The Gault Clay formation is generally a stiff fissured overconsolidated clay of high plasticity.  At Ledburn natural moisture contents in the formation were typically in the range of 30 to 40% with an average plasticity index of 55%. 

On the eastern side of the embankment irregular polished and continuous shear surfaces were observed in the top 2.5m of the formation (Figure 3) and these features sometimes caused collapse of the trial pits on the unsupported sides. Water flowed into the trial pits both along the shear surfaces and through fissures in the Gault. The shear surfaces may have developed during settlement and subsequent deformation of the embankment or may be pre-existing relic surfaces within the formation. No shear surfaces were encountered below 2.5m on the eastern side of the embankment. 

On the western side of the embankment no discrete shear surfaces were encountered in the formation. However, in the upper 2m of the formation the Gault was not stiff, as encountered elsewhere, but was found to be soft, with natural moisture contents of up to 50%.  This suggests that less deformation has occurred on this side of the embankment, however, it is not conclusive of the absence of shearing. 

ANALYSIS

Cross sections were constructed at critical locations through the embankment using the results of the ground investigation.  Geotechnical testing carried out on samples taken during the investigation combined with experience from other projects (for example Cooper et al, 1998 and Davies et al, 2003) was used to determine parameters for design (Table 2).  The critical factor for determining the stability of the embankment was the location and properties of the shear surfaces identified during the ground investigation. A total of nine shear box tests were been carried out on the Gault Clay on ‘polished’ planes cut through the sample.  The results indicated that a residual angle of friction of 16 degrees would be appropriate for 50kPa normal force, reducing to 12.5 degrees for 100kPa normal force.  Based on the embankment geometry and recent experience from stabilisation of a landslide in Gault clay (Davies et al, 2003) a residual angle of friction of 14 degrees was used in design (Table 2). A small cohesion was also included in the design parameters, for both the peak and residual values of shear strength for the clay materials, based on the findings of the Selbourne Cutting Experiment (Cooper et al, 1998) and other state of the art reviews such as Chandler, 1984.  This cohesion would cause the following stability analysis to generate deeper slip circles, which would be more representative of the deep-seated failure observed on the site. 

Table 2 Material Properties

	Material
	Typical Description
	Unit Weight kN/m3
	Undrained Shear Strength kN/m2
	Effective Friction Angle Degrees
	Effective Cohesion kN/m2

	Ballast and Ash
	Gravely coarse ash sand OR sandy gravel
	16
	-
	35
	0

	Chalk Fill
	Slightly sandy angular to sub-angular fine to coarse chalk gravel OR sandy gravely clay
	18
	20 (where cohesive)
	30
	1

	Gault Clay Fill
	Firm light to dark brown clay with some chalk gravel
	19
	25
	21
	2

	Residual Strength Gault Clay or Fill
	Soft light brown clay of high plasticity
	19
	10 – 25
	14
	1

	Gault Clay Formation
	Stiff to very stiff grey mottled orange brown clay with widely to closely spaced fissures
	19
	100 (increases with depth)
	24
	2


Stability Analysis

Analysis of the stability of the embankment was carried out using the software SLOPE/W for the geotechnical sections described above.  This is a limit equilibrium analysis based on the Method of Slices and using Bishop’s simplified method (Bishop, 1955).  Drained conditions were assumed for the permanent works.  The two sides of the embankment were considered separately in the stability models. Applying Railway Universal loading for the two adjacent tracks, two 50kPa surcharges were applied to the slope models over the width of the tracks.

Groundwater was included in the analyses as a piezometric line based on the observations made during the ground investigation and the subsequent programme of monitoring.  Monitoring of piezometers indicated that groundwater could be encountered up to 1.5m below the embankment surface, although the water table is variable due to the changes in fill type and vegetation of the embankment.  In order to allow a consistent basis for design the groundwater table was considered to be at the interface between the clay fill and the overlying granular ash and ballast deposits. This was also consistent with the observed seepages through Train Robber’s Bridge.

In the analysis the shear surfaces were modelled as a thin zone of residual strength material (Figure 4).  Based on the observations of track deformations concentrated on the Up Slow and Down Slow tracks and the geological profile the shear surfaces where interpreted to continue up through the embankment at the interface between the chalk and clay fill where the widening had been constructed.  On the west side of the embankment discrete residual zones were modelled where the Gault-Clay fill boundary was particularly wet and plastic. 
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Figure 4 Slope Analysis – Eastern Embankment

On the east side of the embankment the factor of safety for failure along the residual zone was calculated to be in the range of 0.9 to 1.1.  This was broadly consistent with the visual and track monitoring evidence and confirmed the poor stability of the structure.  The analysis represented a moderately conservative groundwater regime and this combined with the impact of vegetation on the stability of the slope are likely to be the main factors in the difference between any observed and calculated behaviour. 

On the west side of the embankment, where previous remedial measures were present, and the access road was causing some buttressing of the slopes, the factor of safety against deep seated instability was calculated to be in the range 1.1 to 1.2.  However, shallow failures on locally steep sections were close to unity, and this was consistent with the evidence for shallow slope movements observed on site. 

Remedial Works

In order to counter the deep seated failure mechanism identified on the eastern side of the embankment a number of remedial options were considered.  An earthworks only solution was rejected due to the landtake implications resulting from the shallow slope angles that would be required.  This soft option would also be unlikely to halt the ongoing track deformations due to the shear surfaces present in the formation.  Similarly a reinforced soil solution would not have provided greater enough rigidity. Soil nailing was considered inappropriate due to the nature of the ground conditions and the geometry and depth of the shear surfaces. A structural solution was therefore chosen based on the large disturbing forces in the embankment.  This provided the required design life without the onerous maintenance implications of a drainage based solution.  

The main restoring force was provided by piles within the embankment.  In order to provide sufficient lateral capacity, the size of the piles dictated that construction could not occur at the embankment crest without the use of possessions to ensure safe working.  A solution was therefore adopted that is more usually used to stabilise landslides: construction of discrete piles at mid-height in the slope.  By avoiding use of the piles to form a wall, fewer piles were necessary and a capping beam was not required.  This also resulted in greater productivity than other piled solutions would have allowed. This balance of engineering and construction constraints could not have been easily achieved without the integrated design and construction team operated by MM and CFS.

Remedial measures were not undertaken to the west side of the embankment, although a monitoring programme has commenced so that any deformation can be measured. 

The final design comprised these components (Figure 5 & Figure 6):-

· Mid-slope shear piles to provide the main resistance to slope failure. The piles are 600mm in diameter and between 9m and 11m in length embedded in the underlying stiff Gault Clay.  The piles are offset between 9m and 14m from the nearest running rail. The design varies along the embankment based on the geological conditions and the embankment geometry.

· Bored pile crest wall to allow a transition in stiffness from the rigid structure of Train Robber’s Bridge to the flexible embankment on either side.  This feature was designed to alleviate the deformations occurring on the approach to the bridge.  The bored pile walls are constructed from 310mm diameter piles spaced at 1.2m.   Directly adjacent to the bridge the wall is anchored by raking piles at 2.4m spacing.  The piles are 7m long and are embedded in the underlying Gault Formation.  The piles are tied together in a capping beam, as discussed further below.

· Piled gantry foundations to transfer load to the formation and not cause any additional loading to the embankment.

Pile Design

The SLOPE/W model used to determine the critical slip surfaces is used as the basis for the mid slope pile design.  The regraded profile and the pile position is adjusted iteratively such that the factor of safety against shallow slope failures above and below the pile position is at least 1.3.  The final slope angles varied between 18 and 26 degrees depending on the slope height and local composition of the fill.   Then the force (Fx) required to increase the stability along the critical slip surface to at least 1.3 is calculated.  The factor of safety for any slip surfaces extending beneath the piles is also checked. 

The calculated force, Fx is then used for the detailed pile design.  Fx represents the forces that will be applied to the piles above the critical slip surface. The forces below the critical slip surfaces are represented by active and passive pressure profiles. The design has included a contribution to the passive resistance from the soils above the slip surface, but only in the context of its effect on the out of balance force Fx. 
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Figure 5 Typical mid-slope shear piles
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Figure 6 Typical Anchored and cantilevered bored pile walls

The pile diameter, spacing and reinforcement are optimised based on the bending moments developed developed in an individual pile, as calculated using the method of Broms, 1964 and Poulus, 1999.  This ensures that the piles are sufficiently long, have adequate bending capacity and can generate sufficently large restoring forces in the slope. It is generally considered that flow between the piles is possible at spacings above six times the diameter (Carder & Temporal, 2000) and this dimension was not exceeded on the project, with the pile spacing generally between four and five times the pile diameter. 

A similar procedure is used to design the anchored bored pile wall with account also being taken of the lateral forces carried by the raking pile. 

The gantry foundations are based on groups of three or four 310mm diameter piles.  The software M-Pile was used to analyse the response of the pile groups to the imposed loading (as provided by WBA). Vertical loadings were up to 90kN, with bending moments along to track up to 180kNm and lateral shear forces up to 30kN.  The length and required reinforcement of the piles was calculated using standard capacity equations.  Use of a single large diameter pile was rejected due to the large bending moment capacity required and the health and safety implications from the larger rig that would be required directly adjacent to the tracks. 
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Figure 7 Installation of the mid-slope shear piles with CM42 rig

CONSTRUCTION

Methods and Programme

Construction was programmed such that the embankment had been stabilised by the construction of the mid-slope shear piles, before work was carried out at the crest of the slope to install the gantry foundations and the bored piled walls adjacent to the bridge.  All access to the site was from the minor road to the village of Ledburn, and given the narrow linear nature of the site all works were carefully planned to ensure operations did not conflict. 

All mid-slope piles were constructed by the continuous flight auger (CFA) technique (Figure 7) using a short piling mast due to the proximity to the live tracks.  In order to maintain clearances to the track and the OHLE the rig was placed obliquely to the track in some locations.  Reinforcement cages were prepared in stages and spliced during installation.  Special couplers were used on two opposite bars of the main steel in each pile to ensure that when the cages were pushed into the bore excessive lap did not occur and cause shortening of the cage. On average between eight and ten piles were being constructed per day, with construction complete in approximately six weeks. 

The bored pile walls and the gantry foundation piles, constructed with smaller 310mm diameter piles, were installed using the Casagrande TD308 piling rig, which allowed green zone working at the embankment crest.  Plywood and scaffold poles were used to create a physical barrier between the working area and the tracks.  All plant and materials were lifted into position using a telehandler positioned on the temporary berm (see below). 

The bored pile walls were completed with a partially pre-cast capping beam, the CemRailBeam®, a registered product developed in house by CFS and utilised in embankment stabilisation projects since 1999.  The CemRailBeam® consists of permanent concrete shutters, between which in situ reinforced concrete is formed.  The system, compared with traditional cast in situ capping beams, and the associated temporary formwork, reduces site waste and temporary materials, dramatically increases the quality of the capping beam construction as it is constructed in a factory controlled environment and significantly reduces contract programme periods. The CemRailBeam® also allows support for a cess walkway and handrail. 

The gantry foundation piles were tied together in square pile caps.  In order to increase productivity and reduce use of materials the same size and shape pile caps were used for all configurations of foundation piles.  This allowed prefabrication of metal formwork for casting the pile caps, with the formwork re-usable across the site throughout the rolling programme of foundation construction. 

Temporary Works

The integrated team approach, encompassing not just Contractor and Designer, but also the Client enabled the processes of the temporary works to be streamlined and this made significant contribution to the success of the whole project.  Temporary works is a key risk area when working with marginal earthworks as any changes to the slope profiles and additional loading can alter the stability. Before construction of the permanent works could commence a temporary mid slope berm was constructed along the length of the embankment (Figure 8).  The berm was constructed using recycled class 1A material that was carefully benched into the existing embankment slopes.  The face of the berm did not exceed 1V:1.5H.  The placement of this material was acting to increase the stability of the embankment.  As well as providing general access the berm acted as a piling platform for installation of the permanent mid-slope shear piles.  Working with the construction team MM carried out stability checks of both the berm and the global stability of the embankment. 
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Figure 8 Temporary access berm and piling platform
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Figure 9 Temporary crest piling platform

Temporary earthworks were also required to allow installation of the piles for the gantry foundations and bored pile walls at the crest of the slope.  Depending on the precise profile of the embankment at each gantry location, small cuts in the crest or small placements of fill material were required (Figure 9).  Where additional fill was required stability analysis was again carried out to ensure that the integrity of the embankment would not be threatened.  Where a small cut was carried out, stability analyses were still carried out to take account of the potentially detrimental plant loading at the crest. 

In carrying out temporary works stability analyses, undrained conditions were assumed for the clay materials in the embankment.  This was considered appropriate as the shear piles were to be constructed first and within a six week period.  Live loads from construction plant were applied to the berm and the embankment crest as appropriate. The berm was designed to achieve a factor of safety of at least 1.1, however, generally a factor of safety of around 1.2 was achieved.  In all cases the factor of safety was greater for the temporary works conditions with the berm in place, than in the original condition.  Where the factor of safety was estimated to be closer to 1.1 a programme of monitoring was instigated based on surveying of pegs on the temporary slope face.  This was backed up by track and cess monitoring routinely carried out by WBA. 
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Figure 10 Completed slope with new gantries installed


The design team also inspected and reviewed the conditions on site during the construction period.  This ensured not only that the works were in accordance with the design, but also allowed the slope condition to be qualitatively assessed. 

Contingency measures were planned in case of unacceptable slope or track movements and these included removal of any plant from the upper slope and placement of additional stabilising material at the toe of the slope.  However, such measures were not required as movements during the works were generally found to be  less than 5mm. 

The programme for the erection of the new gantries by WBA followed closely behind construction of the remedial works and gantry foundations.  In order to optimise the programme co-operation between all parties allowed use of the mid-slope berm constructed to allow pile installation to provide access for lifting the new gantries into position.  Further analysis of the embankment stability for all loading conditions during the gantry lifts was carried out by MM, and CFS team members attended during the works to monitor the condition of the berm under the crane outriggers.  These operations were successfully achieved and the gantries erected on schedule. 

Following completion of the permanent works the main temporary berm was regraded and incorporated into the permanent works as shown in Figure 10.  

CONCLUSIONS

Ledburn embankment, an old and historically unstable earth structure, is located on the West Coast Mainline to the west of Dunstable.  As part of the route upgrade, a new high-speed junction was to be constructed.  The Watford Bletchley Alliance (WBA) recognised that before the high-speed junction could become operational, remedial measures were almost certainly required. A site investigation was carried out and subsequent ground modelling proved that the embankment was close to failure along much of its length.  

The main stabilisation works comprised a row of discrete bored pile walls part way down the embankment slopes. From an early stage in the project, the advantages of using mid-slope piles were recognised by WBA, Cementation Foundations Skanska and Mott MacDonald. By offsetting the piles away from the track, a larger piling rig could be used on the embankment slopes with the following benefits to the project: -

· Piling productivity was significantly improved when compared with smaller, less powerful rigs. 

· Larger diameter piles were possible, allowing economies on spacing and no costly capping beam associated with an anchored wall.

· Temporary piling platforms improved embankment stability even before piling commenced and could be incorporated into the permanent works.

· Sighting lines were unaffected as the rig was distant from the track and the fall radius of the piling mast could not interfere with the track or overhead wires.  

To WBA, Railway Operators and the public, the main benefit of the scheme was that it was constructed safely, away from the track, and without requiring costly and disruptive possessions. 
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