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SYNOPSIS

The construction of the largest gas terminal in Europe was dominated by the site
being underlain by very poor ground conditions that were compounded by seismic
considerations and a fast-track programme. This paper describes the civil and
geotechnical aspects of the project and gives an overview of the design and
engineering decisions that were taken.

INTRODUCTION

Keller Foundations successfully bid for civil and foundation works, (Civil Works 1
Contract), for the process plant at the British Gas North Morecambe Terminal site
near Barrow in Furness. The Design and Build contract included advance civils work
comprising earthworks, drainage and road construction, soil densification using vibro
replacement techniques and piling works.

This paper describes the British Gas Project and gives background information about
site location, plant requirements and the site investigation. The paper also presents
outline details of the unusual pile design and foundation solution proposed and
installed by Keller to deal with poor ground conditions and overcome the earthquake
risk. Detailed descriptions of the pile design and associated seismic and earthquake
analyses form the subject of companion papers, Raison1 and Raison et al2.

THE PROJECT

The North Morecambe gas field is located in the Irish Sea about 40km south west of
Barrow in Furness, Figure 1. The field is owned by British Gas and is one of the
largest undeveloped gas fields in the UK continental shelf. Because the natural gas
has a high nitrogen and carbon dioxide content, particularly large and substantial
offshore plant were required, the cost of which had precluded earlier extraction. The
project became more economic after advances in corrosion control for the gas
pipeline and development of unmanned offshore platform technologies. This reduced



the required offshore facilities but at the expense of increased size of the onshore
processing plant.

Conceptual plans for exploiting the natural gas were begun during 1987 by British
Gas Exploration and Production (BGEP). They performed design studies to consider
environmental and other economic factors. Various locations were considered for the
gas processing plant for landing the gas by pipeline and connection to the British
Gas National Transmission System. Barrow in Furness offered a suitable location on
an area of derelict land adjacent to the existing South Morecambe Bay Terminal, also
founded on soil treated by vibro replacement.

The North Morecambe Terminal, in conjunction with the existing South Morecambe
plant, will be capable of satisfying about 25% of the total UK gas demand.

SEISMIC ASSESSMENT

Because of the critical nature of the site and its sensitive location, the BGEP design
studies included seismic hazard risk assessments.

The UK is characterised as being of low seismicity as it is located within the Eurasian
Plate in a stable continental intraplate region remote from the plate boundaries.
However, available historical records show that the Morecambe Bay area has been
subject to seismic activity. The assessment also highlighted the possibility that
liquefaction could occur, as had been observed on the seashore during the 1865
Rampside event, British Geological Survey3.

Three earthquake magnitudes were defined in relation to the terminal structures.
Critical plant items were to be designed for a 1 in 10,000 year return period
equivalent to a Richter scale 6.0 earthquake event with epicentre at 15km distance
and 10km depth. Non critical hazardous plant were to be designed for a 1 in 500
year return period equivalent to 5.25 on the Richter scale. Although a criterion for
normal structures was defined, in practice, all plant was covered either by the 1 in
500 year or 1 in 10,000 year criteria. Table 1 gives a summary of assessed peak
bedrock acceleration for each earthquake together with anticipated amplification of
the response spectra through the superficial deposits giving higher peak ground
surface accelerations.

THE NORTH MORECAMBE SITE

The North Morecambe Terminal site is located to the north of the existing British Gas
South Morecambe Terminal, Figure 2, approximately 2km south-east of Barrow in
Furness. The site is approximately 750m long in the north-south direction and about
250m wide. The site is bounded by the coast to the west and undulating pasture
land to the east, with a bird sanctuary and an area of Special Scientific Interest
nearby. Stringent environmental restrictions were applied which dictated that the
site be developed at a level between 9mOD and 12mOD.



Before development, the majority of the 20ha (50 acre) site, Figure 3, comprised
three former settlement lagoons containing saturated pulverised fuel ash (PFA). The
PFA was a waste product that had been placed as a slurry over 30 years by pumping
from the adjacent coal-fired Roosecote Power Station. The north and south PFA
lagoons were generally at a higher level than the central lagoon with better drainage
resulting in a crust of firmer PFA. Within the lower central lagoon the PFA was
extremely soft with water at the ground surface. This area could not be trafficked by
any form of vehicle.

To the east, part of the site lay outside the boundary of the lagoon areas which
corresponds to the old cliff line. The hillside is formed from natural soils and rises to
over 20mOD.

GROUND CONDITIONS

As part of the conceptual design, additional geotechnical studies were started during
the latter part of 1990. These were carried out by Ove Arup & Partners and included
a detailed site investigation with boreholes, static cone penetration (CPT), piezocone,
electrical resistivity and seismic cone soundings, together with plate tests, skip
loading tests and extensive laboratory testing. Laboratory cyclic load testing of the
PFA was also performed. Full details are given in the geotechnical report, Ove Arup4.

Borehole and CPT locations are shown in Figure 4.

The site investigation revealed PFA underlain by a succession of alluvial sands,
mixed glacial soils and sandstone. A typical north-south geological section is shown
in Figure 5.

The PFA extended down to a level of about 4mOD. It was usually extremely soft
with typical SPT N values below 2 blows/300mm, Figure 6. Parts of the north and
south lagoons had been formed to higher levels where some degree of pozzolannic
reaction had occurred within the upper layers. Here N values were generally higher.
Particle size grading of the PFA indicated a sandy silt, often clayey. Chemical testing
showed evidence of heavy metal contamination above the EC limits.

The alluvial deposits were up to 7m thick and varied between loose to medium
dense silty, occasionally gravelly and clayey sands, to weak silty clay with bands of
peat. The sands had N values between 5 to 30 blows/300mm as illustrated in
Figure 6.

The glacial soils were extremely mixed in nature, strength and relative density over
the site as a whole comprising four main sub-divisions. These were upper glacial till,
fluvioglacial sand or sand and gravel, lacustrine glacial lake clay and a lower glacial
till. All sub-divisions were not present at any one location and the sands often
contained thin layers of clay up to 0.5m thick. The glacial sands typically had N
values varying between 5 and 30 blows/300mm as shown in Figure 6. Measured N
values for the lake clay varied with depth from about 15 to 20 blows/300mm, whilst
N values in excess of 50 blows/300mm were recorded in the lower glacial till.



Sandstone bedrock of Triassic age was found in a number of the boreholes from -
19mOD to below -29mOD. The solid geological map shows the Yarlside Fault lying
about 750m east of the site.

Groundwater was perched within the PFA generally at about 7mOD to 8mOD and
close to ground level within the lowest part of the central lagoon. In the natural
soils, piezometers revealed a variation in groundwater level from south-east to
north-west between about 4mOD and 7mOD.

ADVANCE CIVILS CONTRACT

Following completion of the conceptual design and additional site investigation, the
executive of British Gas gave the go ahead for the £500 million North Morecambe
Project in April 1991. Because of the high nitrogen and carbon dioxide content, the
treatment plant was particularly large and heavy. Much of the major plant items
were to be fabricated off site.

Original operational requirements were for the largest gas terminal in Europe to be
processing gas by October 1995. However, this date was brought forward to October
1994 due to a projected shortfall of supply capability during the 1994/95 winter. The
new deadline dictated a very short construction programme of only 42 months, as
illustrated in Figure 7. This accelerated programme necessitated the letting of the
Civil Works 1 Contract before final design of much of the process plant. Although
conceptual design and tender documents were prepared by the Ralph M. Parsons
Company Limited, the detailed design was performed by John Brown Engineering &
Constructors Limited. British Gas were acutely aware that this situation would result
in many alterations to the foundation layouts based on the conceptual design.
Design was to proceed on a fast-track programme while advance civils works were in
progress.

It was also clear that the geotechnical and seismic problems of the site were severe.
British Gas therefore took the unusual step of inviting several large specialist
geotechnical contractors to tender for the Civil Works 1 Contract. The conforming bid
was to be based on a conceptual scheme using driven precast and large diameter
bored piles. However, the tenderers were encouraged to propose alternative
foundation solutions to provide greater freedom in the final design, and to ensure
that all work would be complete by the required date. The unsuccessful contractors
were reimbursed for their design costs.

Keller Foundations alternative bid was accepted for the Civils Works 1 Contract as a
Design and Build project. The critical civil engineering operations such as site
preparation, road construction, earthworks, drainage and foundation installation
were required to commence in September 1991 and be substantially complete by
April 1992.



THE SOLUTION

The technical problems related primarily to the presence of the PFA lagoons and the
loose granular soils. The seismic assessment carried out by BGEP suggested that the
PFA would liquefy during both levels of earthquake, and during a 0.20g earthquake
the underlying loose sands could liquefy to depths of up to 20m below ground.

The scheme put forward by Keller was based on the use of deep vibro densification
techniques to increase the insitu relative density thus reducing the potential for
liquefaction of the sands. Because the PFA was extremely soft and unsuitable for
shallow foundations, short cast in place piles were then to be driven into the treated
ground, as shown schematically in Figure 8.

Although vibro ground treatment has been used many times in the past and is a well
proven technique to prevent soil liquefaction, this is the first time that ground
improvement has been used in this manner together with piling. The result is an
innovative and more efficient solution with the improved density of the soil giving a
better foundation for piles and major savings in length, pile section and
reinforcement. This was particularly advantageous in comparison to the conceptual
scheme that envisaged the use of large diameter bored piles up to 1.5m in diameter
to depths of at least 30m beneath the critical structures.

Vibro replacement was not a suitable technique to eliminate the potential for
liquefaction of the very soft PFA fill. However, analyses of the material suggested
that potential liquefaction during the 500 year event could be controlled by the
provision of a drainage layer between 7.5mOD and 8.0mOD,  designed to reduce the
level of the water table. Lowering of the water table would reduce the generation of
excess pore water pressures during the 0.05g design earthquake preventing
significant liquefaction. However, the drainage layer is not capable of controlling
liquefaction of the PFA during the 10,000 year seismic event.

Advantages of the dual system solution to the Client included an assured
construction programme resulting from linking two low cost high production
techniques and more predictable seismic behaviour. Lastly the approach was flexible
enabling additional low cost piles to be installed to cater for design changes without
the need for more vibro stone columns.

FOUNDATION DESIGN

Figure 9 illustrates the layout of critical and non critical plant items and the
boundary of the required vibro treatment zones. Experience gained from the 1989
Loma Prieta earthquake in California and published information from Japan was used
to establish the lateral extent and margins to structures of the vibro treatment
beyond the foundation footprint. Because of the need to provide sufficient margin to
the critical plant items, the treatment zones were often found to overlap each other
and some of the non critical plant.



Detailed design of the vibro treatment was based on assessment of the relative
density of the sands. Measurements using CPT tests were preferred to SPTs in
boreholes as experience shows they provide a more accurate and detailed
assessment of the relative density. However, access limitations and premature
refusal of many of the original site investigation CPT tests resulted in an incomplete
coverage of the site. Further CPTs were therefore performed on a 25m grid related
specifically to the critical plant items and structures.

The original site investigation CPTs had limited success in achieving full penetration
of the glacial deposits. This was due to a combination of insufficient thrust to
penetrate a dense coarse layer that was often encountered at about 10 to 12m
depth and loss of lateral support to the cone rod string in the PFA. Measures were
therefore taken to ensure full penetration of all additional CPTs put down as part of
the foundation contract. Additional rig ballast and the provision of steel casing
through the PFA helped to reduce the problem of early refusal. Where refusal was
still met, the location was pre-drilled and testing continued to greater depth.

The vibro design established the minimum relative density for any soil grading to
prevent liquefaction. This was defined in terms of a family of CPT cone resistance
versus depth profiles for different friction ratios. Based on these, the vibro treatment
was designed to densify the sands into the required state.

In parallel to the additional CPT investigations, foundation footprint and detailed
loadings were provided by BGEP to Keller to enable preparation of pile designs.
However, because the fast-track final design was still underway, design data was
being released area by area, often with holds causing major programme restrictions.
Area release of data had to be substantially complete to develop stone column
layouts. The vibro layouts by necessity had to be designed around the pile layouts to
avoid coincident locations of stone columns and piles. Computer aided drawing
techniques made the production of layout drawings easier and ensured the accuracy
of the vibro columns and pile positions. All drawings went through a detailed QA
approval system developed by Keller and BGEP.

For the foundations a nominal pile capacity of 600kN was offered for all plant items
and other structures. Design was carried out based on geotechnical considerations to
be confirmed by pile testing. A full description of the pile design is given by Raison1.

For critical plant items and structures Keller proposed 480mm diameter cast in place
driven piles. These piles incorporated a 254mm by 254mm Universal Bearing Pile
steel section to act as reinforcement, Figure 10. This would ensure continuity of
support during the anticipated earthquake with allowance for up to 100mm lateral
displacements. 320mm square prestressed single length precast piles were proposed
to be driven for the remaining plant items. As an alternative to the precast piles, less
heavily reinforced 380mm driven cast in place piles were also used. All precast piles
were non jointed.

The piles were required to limit settlement or lateral movement of the plant items
due to earthquake loadings to defined limits. For critical plant items the piles were



also required to prevent structural damage sufficient to cause a release of inventory
gases into the atmosphere. Under these conditions piles were needed to provide
support through the partially to totally liquefied PFA. Liquefaction was expected to
remove support to the piles, cause major downdrag and possible local shearing
movements up to 100mm, throughout which piles had to maintain axial load support
continuity.

As further justification of the vibro and piling design, detailed seismic analyses were
also necessary. These were performed by Keller in conjunction with the University of
Southern California. Full details of these are given by Raison et al2. Computer finite
element analyses were also performed which took into account additional factors
including site specific amplification of the design seismic response spectrum,
development of pore water pressures, ground displacements and drainage effects.
The frequency response of certain critical structures was also analysed.

EARTHWORKS

The Civil Works 1 Contract was probably the most critical and most difficult within
the whole project, particularly as the programme necessitated winter working. Keller
performed the works in a rolling programme of earthworks, vibro treatment and
piling with construction of roads and drainage in parallel. Figure 11 shows a
detailed programme of the Civil 1 contract works and the additional piling carried out
in the following Civil Works 2 Contract. This should be read together with the key
plan, Figure 12.

The site was to be formed to three plateau areas at approximately 12mOD, 9mOD,
and 10.5mOD level, Figure 13. The civils contract required both cut and fill
operations. The major part of the earthworks comprised the excavation of the upper
levels of the very soft PFA and replacement by compacted natural sands obtained
from cutting into the hillside on the eastern side of the site, Figure 14.

The PFA was generally excavated by working from a stable edge down to a level of
7.5mOD. This was the most risky operation as experience showed that tracked
equipment could easily sink through the PFA surface. Excavations started in Area 2,
closely followed by Areas 6 and 1, with the intention of working southwards
releasing areas for the vibro works and then the piling operations. Particular
attention was paid to the location of the haul roads to ensure continuity of
operations and mobility of plant handling the large quantities of excavated PFA and
imported fill materials.

A single layer of Tensar SS2 geomembrane was placed on to the excavated surface
of the PFA. A 500mm thick drainage layer was then formed using relatively platey
gritstone of nominal 125mm down grading over an area of about 85,000m² as
shown in Figure 13. The PFA was stronger with a lower water table beneath the
north flare and part of Area 7 and did not require this measure. Compacted sand fill
was then used to raise the site level to about 8.75mOD. This formed a very stable
and effective working platform for both the vibro and piling rigs. The site was to be
made up to a final level of about 10mOD on completion of the foundation works.



In total approximately 500,000m³ of PFA was excavated from the lagoon areas. The
PFA spoil was placed and recompacted either along the western edge of the site to
raise the sea bund wall, or within the north flare in Area 1, Figure 13. Being slightly
contaminated, no PFA was exported outside the site boundaries.

VIBRO DENSIFICATION

Advance trials were performed to confirm column spacing and depth, effectiveness
of treatment, and suitability of the proposed stone backfill. All treatment was carried
out using the Keller S type poker vibrator with water flush. This has a power rating
of 125kw operating at a frequency of 30Hz and can operate to depths up to 30m.

After initial trials, vibro ground treatment was conducted in the seismic protection
zones which covered approximately 60% of the actual foundation area, Figure 9.
During the contract up to 8 vibro rig units were used to construct about 6000 stone
columns to depths of up to 20m in a period of about 3 months. Some 150,000
tonnes of hard limestone of nominal 40 to 20mm grading was used in the columns,
the logistics of which when combined with other deliveries meant that wagons
arrived on site at 2 to 3 minute intervals during this period. In total, the 8 rigs
required about 900,000 litres of flushing water each day. Water was pumped about
1.5km from extraction points in a nearby dock to site storage tanks. About 75% of
this water was recycled to avoid off site disposal. A specially designed greensand
filter system was installed to ensure that no water that may have been affected by
contaminated PFA left the site.

After the vibro treatment, the ground was again tested by CPT to confirm that the
design requirements were being achieved.  The CPT method provided accurate
details of soil type and relative density in layers as thin as 20mm and, of particular
importance, the ability to obtain this information quickly and efficiently by the use of
in cab print outs. As the relative density of the ground had been increased, a larger
proportion of the post treatment CPTs required pre-drilling to ensure sufficient depth
of investigation. The CPT test results were immediately assessed before
commencement of site preparation for piling.



PILING

An extensive programme of pile testing was carried out before the start of the main
piling works. Construction of non working preliminary test piles started with full scale
trial drives. These were used together with the pre and post vibro treatment CPT
data to confirm the ground conditions and test pile lengths. Suitable driving criteria
for installing the contract piles were also developed. Additional non working pile
tests in other areas of the site were performed as the contract progressed.

Test piles were installed both in treated and untreated soils. Prototype 480mm cast
in place piles were always installed in ground after densification. 320mm square
precast test piles were driven, some into untreated sands, the remainder into
densified soil. One 380mm cast in place test pile was installed into untreated soil. All
test piles were fully instrumented and, where possible, loaded to their ultimate
capacity.

Contract piling works were programmed to start in Area 2 following completion of
the initial testing. This was only possible once the vibro rigs had moved to begin
treatment in Area 6, and post treatment CPTs had confirmed the success of the
densification. Figure 11 illustrates the progress of the vibro and piling operations.
Only after vibro treatment was complete in each area and confirmed by test was that
area released for piling operations.

During the works continual feedback took place to ensure foundations were being
installed as designed. In particular full drive records were taken for all precast and
many driven cast in place piles, with sets for the last 2.5m of the remaining piles
being recorded. Pile lengths within the areas of ground improvement were also
reviewed regularly as a further check on the treated density of the soils.

Piling for the Civil Works 1 Contract was completed on time by April 1992. However,
as the detailed design of the process plant progressed several areas of change from
the conceptual design occurred. These required an approximate 30% increase in the
number of piles, all of which were completed within the original programme. This
contract included about 2000 precast and 1500 number 480mm cast in place piles.
The following Civils Work 2 Contract included additional precast, 480mm and 380mm
cast in place piles.

During both contracts around 60,000m of piling was installed. These comprised
about 2400 precast, 1600 number 380mm cast in place and 1700 number 480mm
cast in place piles, together with test and anchor piles. All piles were completed
within a 9 month programme using up to 10 piling rigs.

FOLLOWING CONTRACTS

The successful completion of the Civil Works 1 Contract in April 1992 had
transformed the site into a dry stable platform fully piled with an infrastructure of
roads and drainage ready to start the sub-structure and process plant construction
activities.



The following contracts comprised Civil Works 2 and 3 which included for
construction of foundation pile caps, beams and other structural works ready to
receive the prefabricated process plant and pipe racks. These were performed
throughout the next 19 months by main contractors Gleeson and Mowlem. Some
additional piling was included in Civil Works 2 with Keller acting as a sub-contractor.
This work was completed with similar success.

CONCLUSIONS

This paper has described the civil and geotechnical aspects of the British Gas North
Morecambe Terminal Project. It has outlined the solution developed by Keller to the
problem of poor ground conditions and the need to design for earthquake risk. It has
also described the progress of construction that transformed the site to a dry stable
building platform ready for the following construction activities.

It is considered that the decision by BGEP to adopt a geotechnically orientated
approach to the advance civils work has proven to be a major factor in completing
the fast track project on time and with considerable savings.
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Category Return Period
Peak Acceleration

Bedrock Ground
Surface

Normal
Structures

1 in 100 years 0.02g 0.035g

Non Critical
Plant

1 in 500 years 0.05g 0.08g

Critical Plant 1 in 10,000 years 0.20g 0.28g

Table 1. Earthquake Design Criteria.
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