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Foreword

Tony Ridley, CBE, PhD, FICE, FCIT
Managing Director Project, Eurotunnel

Thirty-five years ago Bill Cassie (Professor William Fisher Cassie) used to tell his
students in Newcastle that one of the tasks of civil engineers was to put services
under the ground, including transport. The surface was for people on foot and, in
future, the movement of vehicles would be underneath towns, as with the
movement of water and sewage.

He was ahead of his time; he had written one of the first British textbooks on soil
mechanics and created the first programme in traffic engineering in the UK. His
vision has been a long time coming, in spite of London having built the first urban
underground railway in the world. The spiralling cost of tunnelling has not helped.

However, as we enter a new decade and approach a new century we are surely
entering a new era. There is a renewed enthusiasm for rail transport and, in spite of
a parallel increase in interest in surface light rail, environmental pressures are
changing the balance of advantage towards underground construction for urban as
well as inter-urban systems. London Underground, which had seemed to have
stopped building new lines, is again engaged in new developments. Much of the
link between the Channel Tunnel and London will be under the ground.

British engineers have been at the forefront of new developments in recent years
and Civil Engineering for Underground Rail Transport benefits from their
experience not only in London and on the Channel Tunnel but also in Hong Kong,
Singapore and Taipei. Of course, they are not alone. Several Continental
European experts played a part there, and their contributions also cover experience
in their own countries, including in Budapest, which followed London by building
the first Continental urban underground railway more than one hundred years ago.

This book is about civil engineering, but civil engineering with a very definite and
unique purpose — underground rail transport. The contributions reflect that
uniqueness.



Preface

The editor wishes to record his gratitude to the authors of each chapter. Many of
them are leaders in their specialist fields and were very busy during 1988/89 when
tunnelling and underground construction has been booming throughout the world:
at the same time they have had to write their chapters. To all of them the editor has
been, and the reader will be, grateful for setting out their expertise with such
apparent enthusiasm.

The editor is most appreciative of Dr Tony Ridley for writing the foreword. Dr
Ridley is a civil engineer who has been intimately involved in the construction of
underground rail works for much of his professional life, first with the metro
systems of Newcastle-upon-Tyne, England and Hong Kong and latterly with
Eurotunnel as Managing Director—Project. Before this post he was Managing
Director of London Underground. As a leader in UITP, the International Union
for Public Transport, he is very much aware of the importance of underground
works in the development of metros and main-line railways.

Finally the editor thanks all those who have agreed to allow the authors of
chapters to quote from their own relevant works and so to widen the sources of
information available to the reader.
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Glossary

Note: This glossary is not comprehensive but defines words used by specialists in
the UK, which may not be familiar to other English speakers.

ACI American Concrete Institute
BSI British Standards Institution

Back grouting or contact grouting Filling of voids immediately after placing the
lining.

Competence of rock A measure of its capacity to resist deformation under load.

Formal linings Tunnel linings of preformed metal or concrete. See Chapters 13
and 14.

Formwork Has replaced ‘shuttering’ to describe timber or metal surfaces which
retain wet concrete to form a desired shape.

Mass Transit Railway Defined in BSI Specification 8100 as a ‘railway for the
rapid movement of high passenger load densities in urban areas’. The
predominant form of Mass Rapid Transit, that is ‘Mass’ up to 80 000/h/direction,
‘Rapid’ up to 35kph.

Heavy Rapid Transit — Metro 25000-80000h and 35 kph.

Light Rapid Transit — LRT Up to 25000 h and 25 kph, mainly at grade and not
separated from other traffic.

Pre-metro Mainly separated LRT with elevated or underground sections.

Pack or packer A wooden or more usually steel plate, but occasionally a
concrete block used to fill a gap. In grouting, a packer is inserted and expanded
to seal the hole for injecting grout only below the level of the packer. See, in
Chapter 4, the ‘tube a la manchette’, a special type of packer.

Plant, machinery, equipment Words, each of which may be applied to the same
item by different people. But the words are not interchangeable in all cases; for
example, machinery contains moving parts but equipment may not.

SPT  Standard Penetration Test. The number of blows of a specified weight
falling through a specified distance onto a special rod resting on the soil to
produce a specified penetration.



x  Glossary

Step plate junction Where two tunnels, lined with plates of different diameters,
meet special vertical plates are required to close the vertical faces — so forming a
step. Often in-situ concrete is used instead of plates to avoid the heavy cost and
time delay in making special plates.

Tubbing Used rarely in the UK, although in common English use elsewhere, to
describe the usually circular metal or pre-cast concrete plates to line tunnels or
shafts. The equivalent word used in the UK is segment.
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How underground systems are justified 3
1.1 The growing need for underground rail transport

The building of railways underground is being resumed on a large scale for both
main-line railways and urban mass transit systems. The first category has been
enlarged by the demand for high-speed railways and the second has grown with the
renewed interest in light rail systems, often in cities that once had streetcars or
tramways as well as conventional metro systems.

New high-speed lines are being planned or built in many countries, including
Japan, Taiwan, Australia, the United States, West Germany, France and the
United Kingdom. The experience of the early Tokaido Line in Japan showed that,
despite care being taken to minimize noise, high-speed trains had an unpopular
environmental impact. The same view appeared recently in England. Putting the
traffic underground in areas near houses is likely to be a growing feature of
high-speed lines, even through the construction cost is much higher.

Completion of the monumental Seikan Tunnel in Japan and commencement of
construction of the Channel Tunnel between France and England have further
stimulated interest in underground rail transport.

Many new light rail systems are being planned and built along disused railtracks,
central reservations of roads and corridors that have been allocated and kept on
city plans for such purposes. It is often the case that, although such routes can be
run radially outside the city centre, surface travel into and across the centre on
reserved areas becomes impracticable for environmental reasons, or perhaps
financial ones if the area is densely built-up. In some places modern light rail cars
are being operated along streets in city centres where all other wheeled traffic is
prohibited. That cannot always be done, particularly in old towns with narrow
streets having many changes in direction, and even if such constraints are not so
severe as to make it impossible, they will make the service slower, which will
detract from its popularity and also worsen rather than relieve road traffic
congestion. It is in those locations and where city centres have been built on hills
that the light rail system must run underground. The need for low-cost construction
of underground lines that are inherently much more expensive than those on the
surface makes the use of good planning and economical construction methods
essential. This book outlines such methods.

1.2 How underground systems are justified

The first step towards building an underground section of railway should be the
provision of funds by an institution (often government, city or transport
authorities) for a study to determine whether the building of such a railway is
justified. Justification may be on financial, economic, heavy travel demand or
whatever grounds the authorizing institution decides is appropriate. Such feasibility
studies take into account all relevant topics such as demand, environmental aspects
and cost. It may be preceded by a pre-feasibility study undertaken, for example, as
part of a national transport study that has identified a corridor along which
sufficient passengers are likely to travel but has not evaluated other aspects.
Without the benefit of a feasibility study, a railway may be of the wrong type, or in
the wrong place, and may generate public dissatisfaction and an unnecessarily
heavy financial burden.
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The feasibility study team should include a transport economist, a transport
planner, an urban planner, a railway planning engineer, a civil engineer, an
economist, a financial analyst and, depending on the location, a range of specialists
such as architects, archeologists, landscape architects, environmental impact
analysts, mechanical engineers, electrical engineers and others. The objective of
the team will be to recommend a route that, on balance, has the most advantages
and the least disadvantages. The team needs, therefore, experienced staff to assess
the relative merits of features not obviously comparable (for example,
environment, costs, convenience and economic benefit). Above all, the team must
have an experienced leader who can ensure that all factors have been identified and
the assessment of each has been done to achieve a proper balance and weighting.
The study report should include, as well as the recommendation for the route, the
parameters (for example, track gauge, radius, gradients, vehicle size and speed) on
which the location is based.

The outcome of the study should be the location of a route and stations with a
financial and economic assessment on which the controlling authority can decide
whether to proceed with its construction. Following a decision to proceed, it is most
desirable (but rarely achieved) that detailed design and construction should be
quickly approved. City development is not usually slow and never precisely to a
detailed plan. Rural land-use plans can equally be changed without warning.
Delays always lead to increased cost and usually to changes in railway design.

The importance of a sound feasibility study and even a specific pre-feasibility
study has long been stressed by the World Bank and other lending agencies as a
requisite for the evaluation of a potential urban mass transit system. This policy has
developed a need for an internationally recognized methodology for such studies.
The British Overseas Development Administration has funded a study of existing
systems to assess to what extent they had relieved urban transport problems. The
study required the development of a mathematical model to evaluate the
effectiveness of the systems and their economic worth. That work has, in turn, led
to the development of software for a Metro Appraisal Guide which can be used in a
pre-feasibility study for a new system. The development of this software was a
feature in the Seminar on Rail Mass Transit for Developing Countries on 9-10
October 1989 in London. The Guide will enable transport planners and other
specialists to produce a report likely to be acceptable by the standards of the
lending agencies, which should enable the authority to decide whether to proceed
further with the implementation of the scheme. Details of the Report and Guide
are given in the Further Reading at the end of this chapter.

Chapters 2 and 3 describe the planning of new routes and the location of stations
after the feasibility study stage. The need for the railway planning engineer to
continue to work with the urban planner and the transport planner must be
emphasized. A new line will have a considerable influence on the subsequent urban
development along its route. The urban planner must therefore be involved directly
in the railway planning. The transport planner will have to calculate likely traffic
flows along the route and at each station using computer-based methods. Both
planners should participate in the study of alternatives and selection of the
optimum route and station locations. Even though such work may have been done
at the feasibility study stage, it will need to be continued in more detail in the design
stage. Similarly, the design parameters should be reviewed and expanded. Disused
railway routes and stations may be in locations no longer suitable even if they were
originally in the best places. The temptation to follow an old route, when its chief
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merit is low cost, may have influenced too much the decision in the feasibility study
and such a decision should be reviewed in the design stage. Some relevant books
and papers for further information on these topics are listed in the Further
Reading. It should be borne in mind when reading Chapters 2 and 3 and these
references that most of the features of design and construction of underground
railways for mass transit are also applicable to suburban and main-line railways.

1.3 Civil engineering development

The techniques of civil engineering have changed significantly in the last fifty years
and appreciably in the last twenty. No doubt change will contine as new electrical
and mechanical developments (comparable with hydraulic rams and electronic
controls in recent years) are applied to fundamental methods. Also, of course,
entirely new techniques (for example, ultra-high-pressure water jets for
excavation) will be developed. Advances in chemistry and physics have also
brought great benefits: resins, concrete additives and ground-treatment methods
are examples. Such changes will continue in both tunnelling and other methods of
construction. While the purpose of all developments is fundamentally to achieve
cheaper or safer methods, some may have such a significant effect as to make
underground construction financially viable in circumstances where previously it
was not. This change may also be brought about in combination with other factors
(for example, a large increase in the price of land).

1.4 Readership and scope of this book

Main-line railway tunnels will almost invariably be built by railway administrations
having departments dealing with all other aspects of railway construction and
operation. Tunnels for metro and light rail lines may be needed for existing systems
by administrations not having such wide experience and specialist engineering staff.
Both types of railway staff will find a large amount of information about
underground construction in this volume.

The readers are assumed to be graduate engineers with some experience but
none in specifically underground works. The book may also be interesting to
undergraduates wishing to gain an idea of the type of work in this field. As a
reference book, quantity surveyors, geologists, railway administrators, railway
operators, lawyers and arbitrators should find particular aspects relevant to their
work.

1.5 Other topics

Some light rail and metro systems will be new, and engineers becoming involved in
the planning and design may look for help on aspects other than the underground
works. Ground-level and elevated rail tracks will be required together with
stations, offices, control rooms, depots and workshops.. Information on associated
electrical and mechanical equipment affecting the civil engineering work, and an
outline of organizational and operational methods that greatly influence building
and civil engineering provisions, will be subjects about which the engineer will need
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to know. It will also be helpful for the engineer to have at an early stage an
understanding of some of the ways in which light rail systems can be financed and
contracts for their construction arranged. These matters, which are beyond the
scope of this book, will be the subject of a later companion volume.

Other subjects are related closely to underground construction. Two examples
are safety and fire protection. These subjects are of primary importance and related
both during construction and in the permanent works. The construction of
underground works is potentially hazardous and must always be controlled by a
person experienced in the type of work at each site and supervised independently
by another experienced person. Nevertheless, the impact on and needs of each
method of construction differ, so that they are best dealt with in the relevant
chapters. The chapters dealing with stations refer to the effects of safety
requirements and fire protection on the permanent works.

The comments in Section 13.1.9 (Procedure and contractual basis), although
made specifically about tunnel contracts are relevant to the other civil engineering
contracts where the works to be constructed are influenced by soil conditions.
Contract types, conditions of contract, finance, organization and management of
copstruction are typical of other aspects of underground construction that are
important. Some relevant books and papers are listed in the Further Reading at the
end of this chapter.

1.6 Arrangement of this book

The book covers the planning, design and construction of underground structures.
Many of the chapters are related to several others, so that at least some related
chapters are kept near to each other. The chapters are arranged as follows:

Planning

Ground treatment

Cut and cover (open-cut) construction
Driven tunnels

Stations

Nk we

Ground treatment must be considered when planning the route and station
locations as well as in the selection of construction methods, so it is placed between
the chapters on planning and construction. Station design follows the chapters on
tunnels since it is influenced by the method of construction used. Other chapters on
details influencing station design follow.

‘Rail Transport’ is included in the title because ‘railways’ may be interpreted as
solely steel wheels on steel rails. In practice, the support and guidance method,
especially on metro and light rail systems, may also be rubber wheels on concrete
track, magnetic levitation, air cushion or some combination of systems. Most of this
book will be applicable to whatever method is used to support and guide the
vehicle. Chapter 5 describes the different track types.

Ground treatment is covered in Chapter 4 and some topics related to ground
treatment are in other chapters. Micro-piles, which may be used to form a
continuous row making a water cut-off, are described in Chapter 8. A slurry trench
or wall used for the same purpose is dealt with in Chapter 7.

Section 6.1 describes the process and techniques necessary for good design, and
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much of this is applicable to methods of construction other than reinforced
concrete.

Loadbearing piles, referred to in Chapter 6, are formed using plant and methods
similar to those described in Chapter 8.

The need to monitor existing buildings when underground works are constructed
adjacent to or underneath them is stressed in Chapter 3. Methods of doing so and
their importance are also dealt with in Chapters 7 and 8.

Chapter 13 includes the selection of the appropriate type of tunnel, but all the
other chapters on tunnels need to be read to obtain an appreciation of the complex
factors influencing the selection of the correct type of construction method and the
appropriate lining.

The construction of stations by cut and cover methods is described in Chapter 6
and in driven (bored) tunnels in Chapter 20. The facilities to be provided within the
station together with an indication of their space requirements are given in Chapter
21. It should be noted that this book does not describe how the facilities within the
station are built, since conventional reinforced concrete, masonry (including brick
and concrete blocks) and structural steelwork are used. Chapter 22 must be read
with Chapter 21 to obtain a full appreciation of what has to be fitted within the
station shell. The layout of the station may be influenced considerably if the civil
defence requirements described in Chapter 23 have to be incorporated. In planning
the detailed layout of a station all the chapters mentioned in this paragraph need to
be studied as well as the principles in Chapter 3.

1.7 Costs

Costs are indicated in some chapters but, as circumstances differ between
countries, the figures must be understood as only an approximate guide to the level
in 1989. For comparison between currencies, nominal exchange rates may be used
of:

£1=US$1.70
= French francs 10.20
= West German deutschmarks 3.30
= Japanese yen 230

Further reading

Transport piznning

Allport, R. J. *‘Appropriate mass transit for developing cities’, Transport Review, 6, No. 4 (1986).

Allport, R. I., “The impact of mass transit railways in developing countries’, Melbourne Transport
Technology Conference on Light Rail, November 1988.

Armstrong-Wright, A., Urban Transit Systems — Guidelines for Examining Options, World Bank
Technical Paper No. 52 (1986).

Hutchinson, B. G. Principles of Urban Transport Planning, McGraw-Hill, New York (1974).

Moving People in Tomorrow’s World, Proceedings of Conference at the Institution of Civil Engineers,
UK (1986).

World Bank Policy Study, Urban Transpor: (1986).

Contracts, finance and organization of construction
Haswell, C. K. and de Silva, D. S. Civil Engineering Contracts: Practice and Procedure, 2nd edition,
Butterworths, London (1989).
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Institution of Civil Engineers, Civil Engineering Procedure, London (1979).
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International Federation of Consulting Engineers (FIDIC), International Model Form of Agreement
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2.1 General

2.1.1 The civil engineer’s role

In planning the route for an underground railway the civil engineer will not be
confined simply to setting an alignment for the tunnels between the traffic
objectives. There will be a comprehensive plan which will include consideration of
alternative alignments, both horizontal and vertical, station layouts, the most
suitable type of construction, a study of ground conditions and obstructions,
working sites, the type of track form, rolling stock depots and equipment generally,
as well as cost estimates and an outline construction and equipping programme.

2.1.2 The civil engineer and the traffic planner

The civil engineer will become involved in the route planning when the traffic
planner has broadly identified the objectives and the corridors that need to be
served together with an assessment of the potential traffic usage of the route. It is
also necessary for the traffic planner to identify station locations and interchange
points with other lines or modes of transport.

There is likely to be a need for a continuing dialogue between the traffic planner
and the civil engineer to establish a satisfactory compromise between the ideal
solution in terms of fulfilment of traffic objectives and what can be provided at an
acceptable cost and within an acceptable time scale.

2.2 The initial steps
2.2.1 Horizontal alignment

The first objective will be to make the horizontal alignment as direct as possible,
thereby giving the least length of construction necessary to meet the traffic
requirements. A direct alignment will best meet the objective of efficient passenger
transportation, permit highest train speeds and avoid problems related to severity
of curvature.

In heavily built-up areas the most direct alignment is often, in practice, not
achievable, even for a railway in bored tunnels. This is because of the prevalence in
modern cities of tall buildings on deep foundations and also the likelihood of
existing tunnels (including underground railways). The straightest and most direct
practicable route should still be sought, even though this may involve considering
many differing alignments. The viability of an underground railway depends on its
ability to attract traffic in competition with other forms of passenger transport. The
advantages in terms of speed and directness must therefore be exploited to the full,
and this means that devious and highly curved routes should be avoided.

2.2.2 Vertical alignment

The second objective will be to make the new railway as near to the surface as
possible. This is primarily because access to the system for passengers at stations
will be more convenient and less expensive in capital cost and also in running and
maintenance costs for such facilities as escalators or lifts.
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There are five vertical horizons in siting a railway:

Elevated railway

Tracks at grade

Open cutting

Cut and cover construction
Bored tunnel

e N

Typical urban railways may contain lengths in any or all five horizons. Horizons
1-3 are beyond the scope of this book, but the traffic planner and civil engineer
need nevertheless to be fully aware of them as options because of their advantage in
lower construction cost albeit, perhaps, at some environmental disadvantage.

2.2.3 Cut and cover construction

This is the term used for the provision of a shallow structure formed by first making
an excavation from the surface in which the box or structure is then built.
Backfilling and final reinstatement of ground surface then follows. There are many
different variations in both the sequence of construction and the materials and
techniques that can be used. Although there will be exceptions, this type of
construction will generally result in the level of the rails being between 4 and 10m
below ground level. The structure formed can conveniently accommodate at least
two tracks.

This form of construction has several advantages. Being shallow, access for
passengers between ground level and platforms is relatively easy and, if initial cost
is of most importance, fixed staircases rather than escalators could be provided.
Cut and cover construction for both running tunnels and stations is generally
cheaper than providing the same facilities in bored tunnels and also avoids the need
for specialist tunnelling labour and other resources, which are often in short supply.
Being near the surface, it is usually easier to provide for ventilation without having
to construct large, deep shafts. Some underground railways rely on the train
movements to circulate air and simply provide short open sections between lengths
of cut and cover construction with no mechanical ventilation necessary. There is
generally a requirement for emergency exits from tunnels, and in cut and cover
construction these involve less building work and give easier access to the surface.

However, there are also disadvantages with this method. There will usually be
extensive surface disruption along the route during construction, with buildings
requiring either demolition or complex temporary supports unless the railway is
built under a highway or open ground. If under a highway there will almost
certainly need to be diversions of sewers and drains, gas and water mains, together
with electrical and telecommunication cables. With a shallow railway there is more
likely to be problems with the transmission of noise and vibration from trains to the
neighbouring properties than with those operating in deeper bored tunnels.

Cut and cover construction need not necessarily be confined to existing highway
routes but can also be linked to building new highways. Also if the construction of
the railway coincides with redevelopment its structure can often be used to support
the above-ground development.

2.2.4 Bored tunnels

Bored tunnels are structures constructed beneath ground level and only require
occupation of the surface of the ground at working sites situated along the line of
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the route. In heavily congested built-up areas it is therefore a very convenient way
of constructing an underground railway. There will be greater flexibility in planning
the line of route because obstructions to a direct alignment will probably be limited
to tall building foundations, sewers and any other existing tunnels. Access to the
traffic is usually easier and stations can be provided close to the locations that
passengers require. The only need for surface disruption will be at station locations
and at working sites, with the need to demolish buildings reduced to a minimum.

However, tunnels are expensive compared with construction at or near ground
level. Station works are particularly expensive because of the need for
larger-diameter station tunnels, cross passages, concourses and lift or escalator
shafts to provide means of access from street level to station platforms. It will also
be necessary to provide for ventilation plant, escalators, lifts (especially if provision
is to be made for disabled passengers) and pumping machinery.

A further problem with tunnelling is ground settlement, which will always occur
to a greater or lesser extent when driven tunnels are constructed. Larger-diameter
tunnels, which are sometimes formed by initially building a smaller tunnel and then
enlarging it perhaps in more than one stage, will cause greater settlement, as the
effects of each tunnelling operation are additive.

Waterproofing of running tunnels is not usually necessary although large
quantities of water can cause problems, particularly with electrical equipment and
track circuits used in the signalling systems. However water ingress at stations is
undesirable because of the effect on the architectural finishings, which can quickly
deteriorate and become shabby. It can be difficult to prevent water entering the
tunnels through joints in the linings although modern grouting techniques are often
used successfully. Waterproofing of cut and cover structures is much easier because
waterproof membranes, applied to the external face of the structure, can usually be
accommodated in the designs.

2.3 Surveys

The civil engineer will need to arrange a number of surveys and these can be
broadly summarized as follows:

1. A topographical survey
2. A soil survey
3. A survey of ground obstructions

2.3.1 Topographical survey

The topographical survey will be used for initial planning of the track alignment,
and a convenient scale for this work is 1:1250. In Britain plans to this scale are
generally available from the Ordnance Survey. At a later stage these plans would
need to be updated for use in authorization of the line, in Britain generally through
a Parliamentary Bill. A convenient way of doing this is by carrying out an aerial
survey and using this in the first place to correct the standard Ordnance Survey
sheets.

An added advantage of this method is that station layout scheme drawings need
to be prepared to a larger scale than the route plans, 1:500 generally being a
convenient size. These larger-scale plans can readily be plotted from the aerial
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survey. A further advantage is that, ultimately, contract drawings and documents
for the invitation of tenders for the construction works will need to be prepared to a
similar scale, and again this can be done using data obtained from the aerial survey.

In other countries where these are not commonly used scales it will be necessary
to prepare plans for the planning of the track alignment to a scale which enables
individual parcels of land to be identified. For the planning of station works, a scale
which permits the width of passageways, platforms, staircases, etc. to be accurately
represented should be used.

2.3.2 Soil survey

The soil survey will be necessary to determine the type of ground through which the
railway will be constructed. This will normally be done in two stages, the first being
a desk study of existing soils information during the early stages of route planning.
Sources such as major construction works in the vicinity, developments, wells, etc.
can be a useful source of soil information. Local authorities may also be helpful
together with geological surveys or local museums.

The second stage will consist of sinking a series of boreholes along the line of the
route, from which samples of the soil will be recovered. These samples will be
subjected to various tests in the laboratory to determine the soil properties. The
spacing of the boreholes will depend on expected uniformity of the strata to be
encountered. However, the problems that have occurred in tunnelling work due to
insufficient soils data would seem to indicate the tendency in many projects to
underestimate the number of boreholes that should be made. A more detailed
reference to soil surveys is included in Chapter 4.

2.3.3 Ground obstructions

A knowledge of existing structures, services, pipes or mains along the route is
essential, and this will need to be put together by the civil engineer after
consultation with local authorities and the authorities for sewers, drainage, gas,
water, electricity and telecommunications, as well as those responsible for
historical archives. Shallow obstructions such as pipes, mains and cables are usually
much more significant when cut and cover construction is being contemplated,
whereas deep-level driven tunnels are more usually affected by sewers, other
tunnels and obstructions such as deep piles.

It will also be necessary to enquire about future proposals of the planning
authority and the authorities for sewers, drainage, gas, water, electricity supply and
telecommunications. This will enable provision to be made for future development
or construction of new facilities after the railway has been completed and running.
It might be worth considering incorporating ducts for cables or foundations for
future buildings into the railway construction works, as these can often be formed
very easily at the time of building the railway but with much greater difficulty and
possible disruption to the operation of the railway if left until later.

The construction of deep foundations close to or over driven tunnels can cause
distortion and unacceptable stresses in the tunnel linings and needs careful
consideration.

2.3.4 Ground conditions

The ground conditions, obtained from the soil survey, will govern the types of
construction to be used and therefore the cost. The presence or otherwise of
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groundwater is particularly important, whether the construction is by cut and cover
methods or by driven tunnel.

Driven tunnels are easier to construct in cohesive soils and rocks while those in
granular soils usually require special techniques which can be expensive. In more
recent years slurry shields have been developed which greatly assist the
construction of tunnels in water-bearing granular soils which previously might have
required the adoption of working under high air pressure. Where tunnel depth is
not governed by other constraints (e.g. between stations) the civil engineer will
usually attempt to site the tunnels within the most suitable soil strata.

2.4 Curvature and gradients

The two fundamental constraints in determining the alignment of a railway are the
minimum track curvature and the maximum gradient. The absolute values of these
will depend on the characteristics of the rolling stock to be employed.

2.4.1 Curvature and speed

Curvature is important because it determines the value of any speed limitations,
and therefore in addition to there being an absolute minimum radius of track
curvature there will also be a desirable minimum radius depending on the speed at
which it is proposed to operate the trains. The relationship between the maximum
permissible speed and the radius of curvature is:

R(E+D)

Vi = 11.27 3

(2.1)

where V,,, = maximum permissible speed (km/h),
R = radius of curvature (m),
E = actual cant (mm),
D = maximum allowable cant deficiency (mm), and
S distance between the centres of the rails (mm).

For 1432 mm standard gauge of track (and allowing for a rail head width in the
order of 70 mm) the above relationship becomes

Vi =0.29 [R(E+D)] (2.2)

Since train speeds near to stations will necessarily be lower than on the
mid-station runs, a lower value for desirable minimum radius of curvature may be
more appropriate on the approaches and exits from stations than on the rest of the
line. For higher-speed lines the maximum operating speed may be constrained not
only by curvature but by the need to limit the speed of air movments in the tunnels
and stations to an acceptable level, notwithstanding the provisions that will have
been made for draught relief.

An early decision will need to be made on where the specification for the railway
is to be placed on the spectrum extending from ‘light rapid transit’ through ‘heavy
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Table 2.1 Characteristics for underground railways

Light rail Metro Suburban raill Main-line
regional metro railway
Maximum speed (km/h) 55-90 75-100 80-130 100-200
Cars per train 1-4 2-10 4-10 8-16
Length of train (m) 15-80 30-150 80-260 150-300
Station spacing (m) 300-800 500-2500 1500+ 2000+
Minimum radius of curvature (m)
Desirable 150-400 250-500 300-1000 500-2000
Absolute 15-60 50-100 60-120 75-200
Maximum gradient (%)
Desirable 2-4 1-2 1-2 1-2
Absolute 5-6 2-4 2-4 2-4

rapid transit’ to ‘main-line railway’. The decision will be based partly on the
passenger-carrying requirements, partly on the capital likely to be available for
construction and partly on engineering considerations. Table 2.1 illustrates the
range of characteristics which are typical for the various classes in underground rail
transport.

2.4.2 Limiting values

Adoption of the specification for the rolling stock and for the line will determine
the limiting values for curvature and gradient. There are, of course, likely to be
locations where values for radius of curvature between the desirable and absolute
minimum have to be adopted, but these should be avoided wherever possible,
because it will be at the expense of permanent speed restrictions, possible noise
problems and, quite probably, continuing higher maintenance costs for both track
and rolling stock. Similarly, gradient values between the desirable and absolute
maximum should be avoided if possible because of lower operating speeds and the
increased risk of maintenance problems and train failures.

Within the station itself the track should be straight so as to avoid a gap between
the platform edge and the floor of the car. In cases of difficulty, a very slight
curvature may be introduced, but for sighting purposes the curvature of the
platform edge should be convex, not concave.

2.4.3 Gradients

Track through stations should preferably be level and certainly with a track
gradient not steeper than about 0.2% (but dependent on the characteristics of the
rolling stock), to avoid the possibility of a train starting to move through accidental
release of the brakes. Stations should preferably be sited on a hump with an upward
gradient approaching the station and a downward gradient on exit. This profile
assists with braking and deceleration on the approach and acceleration on leaving
the station. There are also considerable energy savings in adopting this type of
profile. For a heavy rapid transit line a typical gradient each side of the station
would be 2% over a length of about 150-200 m.
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2.5 Sensitive areas

Many underground railways will pass either close to or even under sensitive areas
or buildings such as cathedrals, churches, monuments, theatres, etc. The civil
engineer will try to keep the alignment as far away as possible from such sites, but
this is not always feasible. The two points of concern are ground settlement and
transmission of noise and vibration.

2.5.1 Settlement

Settlement is caused by the construction of the tunnels and its maggritude depends
on the type and speed of construction and ground conditions. The effects of
settlement are also dependent on the type of building or structure and its
foundations. Predicting the amount of settlement is not easy, but there are several
ways of keeping it to a minimum but not eliminating it. Settlement caused by the
construction of underground railways is not generally a major problem, provided
proper techniques and precautions are employed in the execution of the works.

2.5.2 Noise and vibration

The transmission of noise and vibration from the tunnels to the buildings in the
vicinity is usually only a local problem — generally associated with a theatre, a
building housing sensitive scientific instruments, etc. There are a number of
techniques that have been successfully used to reduce vibration transmission, all of
which require a special type of construction, usually locally near the sensitive area.

2.6 Working sites
2.6.1 Running tunnels

An important part of the early planning is the choice of working sites from which
the railway can be constructed. With cut and cover type construction the whole
length will be a working site. However, techniques such as the construction of only
the side walls and roof before reinstating the ground (usually a roadway) can enable
occupation to be limited perhaps to only a few weeks on any one part of the route.
This method requires sites at intervals where excavation can continue below the
completed roof and proceed as if it were a tunnelling project.

With a driven tunnel working sites will be required to enable shafts to be sunk to
the depth at which tunnelling can commence. The sites need to be large enough to
enable the excavated spoil to be handled and the construction materials such as
tunnel linings to be lowered down the shaft and transported to the face. Space will
be needed to store materials and perhaps some spoil if restrictions on its
transportation and disposal are expected and will also need to be provided for
servicing the works, which includes maintenance of plant used in construction and
accommodation for the workforce.

The civil engineer will always try to avoid the need for temporary works which
have no use in the finished project. The first choice for working sites would
therefore be directly on the alignment of the tunnels, thereby avoiding temporary
connecting passages. Also, if a working shaft can ultimately be used for other



18  Civil engineering aspects of route planning

purposes, such as tunnel ventilation and/or emergency exit, further savings can be
made.

Working sites should have good road access and preferably should be open
spaces, thereby avoiding the need to demolish buildings. Public open spaces are
often convenient and can be attractively landscaped on completion of the works
before being handed back to the local authority.

2.6.2 Station works

It is often convenient to have separate working sites for the main tunnel drives and
for the station works. The station working sites will be needed for construction of
escalator shafts, low-level concourses and passageways, and will probably be used
as a base for much of the equipping of the stations.

2.7 Running tunnels

The dimensions of the tunnels are of fundamental importance and will depend on
many factors.

Figure 2.1 A typical covered way in concrete construction. The side walls are formed with continuous
piles and the roof with precast beams. Dimension between side walls is approximately 7.3 m
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Figure 2.2 A typical double-track tunnel driven through rock with an in-situ concrete lining. Enough
space is provided for overhead current collection and the track is concreted in and not ballasted

2.7.1 Dimensions for cut and cover tunnels

With cut and cover type construction it is normal to have two tracks within the same
structure. The internal dimension between the side walls will then depend on the
clearance required between the rolling stock and the wall.

Maintenance work in tunnels is usually carried out during the night, when trains
are not running, and therefore the clearance between rolling stock and walls need
not make provision for a person to stand while a train passes. Cables will normally
be carried on the side walls and a minimum clearance can be provided between the
cables and the rolling stock. If the track is supported on ballast and not concreted
into the invert an extra allowance has to be made for movement of the track under
traffic. A further consideration for side clearances is whether or not a side walkway
is to be provided for detraining passengers in an emergency situation. Some
railways prefer to detrain passengers through the ends of trains with centre doors
provided at the ends of each car and use the track as the emergency walkway. This
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Figure 2.3 A running tunnel constructed with bolted cast-iron linings. Tunnel diameter is 3.8 m, suitable
for small rolling stock

is usually only feasible with concreted track, when a reasonable surface can be
provided for passengers to walk along. A covered way of internal width of some
7-8 m would generally provide space for two tracks on ballast but without side
walkways (Figure 2.1).

The internal height of the covered way above rail level will depend on the size of
rolling stock and whether overhead or current rail electrification is provided. This
might vary from about 3 m for small rolling stock with current rails to about 5 m for
large rolling stock with overhead electrification (Figure 2.2).

2.7.2 Dimension for bored tunnels

Driven tunnels are most commonly of circular cross section and generally it is
economical to have a separate tunnel for each track. Clearance considerations are
the same as for covered ways. The circular section has advantages in that it is widest
at the centre line, where cables are usually carried and where side walkway space
would be required if provided for. There are also disadvantages in that as the
diameter of the tunnel increases, more space is formed below track level which is
generally of little use. A tunnel of about 4 m internal diameter would be suitable for
small rolling stock with current rails, track concreted into the invert and no side
walkways (Figure 2.3), whereas about 6m internal diameter would permit large
rolling stock with overhead electrification and side walkways. It will generally be
found that provision of a circular tunnel for overhead electrification will
automatically create encugh space for side walkways.



Running tunnels 21

Where junctions are required the diameter of the running tunnel will have to be
increased in stages until it is possible to construct two normal-size tunnels to meet
the largest diameter in the junction. These structures are called ‘step plate
junctions’ (Figure 2.4). Where a connection is required between the two running
lines a constant-diameter crossover tunnel can be provided which would be large
enough to accommodate the two through-tracks side by side and the connection
between them. With large rolling stock which requires bigger running tunnels, or if
overhead electrification is provided, the diameter of a crossover tunnel may be
prohibitively large. In this case the crossover would be formed with two step plate
junctions, or four if a scissors crossover is required.

To avoid the creation of unwanted space below the tracks large-diameter tunnels
can be constructed either with a flat bottom or with an elliptical cross section, both
of which considerably reduces the amount of excavation necessary.

2.7.3 Tunnel shields and linings

The relationship between the tunnel shield or tunnelling machine and the tunnel
lining is important; the external diameter of the lining being the critical dimension.
In soft ground the linings can either be expanded against the surface cut by the

Figure 2.4 A step plate junction accommodating a simple turnout formed with bolted cast iron linings.
The largest diameter (in the foreground) is 9 m and the smallest 3.8 m
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Figure 2.5 A running tunnel, 3.8 m diameter, constructed with expanded concrete linings. The wedges
for expanding the rings can be seen on each side

shield or machine or they can be bolted together, leaving a small gap between the
outside of the lining and the excavated surface which then has to be filled with
grout. Expanded linings are normally adopted when the ground conditions are
good and the excavated surface will retain its shape for sufficient time to allow the
ring of linings to be expanded out and support the ground. Bolted and grouted
linings will be necessary where the ground conditions are poor. Tunnels
constructed with expanded linings can usually be built much more quickly than
those using bolted linings and hence are cheaper (Figure 2.5). Careful design can
permit both expanded and bolted linings to be used with the same shield and thus
take advantage of using the most appropriate methods in variable ground
conditions without interruption to the progress of the work.

2.7.4 Dimensions for other tunnels

The dimensions of station tunnels will depend on the length of trains to be used and
the width of platforms required. Similarly, the size of escalator shafts will depend
on the number of machines to be provided. The sizes of other tunnels will vary
according to estimated passenger flows, emergency evacuation requirements and



Terminal facilities 23

ventilation considerations. The capacity of passages and stairways in stations is
dealt with in some detail in Chapter 3.

2.8 Terminal facilities

This is an important consideration, and will depend on the intensity of train service
to be handled. If two platforms are sufficient then simple scissors crossovers may be
adequate (Figure 2.6). If three or more platforms are required the layout will be
more complicated.

With cut and cover construction the layout is less important because the cost of
providing space for crossovers, etc. is less significant. However, with driven tunnels
the cost of providing a large-diameter crossover tunnel is significant, and if a third
platform is needed the additional track connections will require step plate junctions
to be provided.

An alternative is a terminal loop, where trains run continuously rather than
reverse. A considerable length of plain running tunnel can be constructed for the
cost of a crossover tunnel. Consideration should also be given to the possible need
for future extension of the railway before deciding on the terminal arrangements.

Figure 2.6 A 9.5 m diameter cast-iron lined tunnel providing space for a scissors crossover at a terminal
station. The longitudinal high-level gantry carries the cables through the single tunnel. The secondary
lining in the soffit directs seepage water to the sides where it is led away to the drainage system
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2.9 Drainage
2.9.1 Gravity drains and pumping

It will be necessary to provide drainage facilities throughout the railway. The most
convenient method is to install gravity drains in the tunnel invert running to the low
points where sumps would be provided. This will require the tunnels to be
constructed on gradients of not less than about 0.25%. The sumps would normally
be equipped with automatic pumps which would discharge the water to public
sewers or drains usually via an adjacent station or ventilation shaft.

The drains and sumps need to be designed to deal with seepage through the
tunnel linings and any other source of water. Sump capacity should be large enough
to avoid the need to service pumps in the event of a failure during the traffic day. A
capacity of, say, 48 hours would generally be adequate.

2.9.2 Flooding

Some cities are subject to the risk of flooding, either from storms or from rivers
overflowing their banks. In these circumstances care needs to be taken at the
planning stage to ensure as far as possible that large quantities of water cannot get
into the tunnels. Considerable damage can be caused to equipment leading to
disruption and even suspension of train services, and clearing up after flooding is an
expensive and lengthy operation.

Chapter 3 deals with the precautions that can be taken at stations, but care must
also be taken at ventilation and draught-relief shafts to site openings high enough to
ensure that they are above flood level. At tunnel portals it may be necessary to
make special provisions such as watertight doors or bund walls around the
approaches to the tunnel. Flooding from such occurrences as a burst water main
can often be limited by quite simple precautions at the detailed design stage.

2.10 Ventilation

Ventilation is an important consideration as far as the comfort and safety of
passengers and staff is concerned. It has even more significance in countries which
experience very hot or humid weather conditions, and this will generally determine
whether or not air conditioning of trains and stations should be provided.

It may be that the running of trains through the tunnels will cause sufficient air
movement and circulation. However, heat is generated in the tunnels by the
conversion of electrical energy, and it will probably be necessary to extract this
heat. This would normally be done by providing ventilation shafts midway between
stations connected to fresh air above ground level and equipped with mechanical
fans. These should be arranged so that they can be switched to either extract the air
from the tunnels or introduce fresh air from the atmosphere into the tunnels.

The purpose of providing fans which can operate in both directions is to assist
with the control and removal of smoke from the tunnels in the event of a fire or
smouldering below ground. Great care needs to be exercised in operating the fans
in the most suitable mode in such circumstances.

Ventilation shafts sited between stations can also be utilized for the evacuation of
passengers from tunnels in the case of a derailment or other emergency by
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providing suitable staircases. They are also a means of access to the tunnels for the
emergency services should an incident occur requiring their attendance.

The running of trains through the tunnels causes a piston effect and considerable
quantities of air will be moved both in front of and behind them. Consideration
needs to be given to keeping the air velocity to a comfortable level in stations by the
provision of draught-relief shafts which connect the tunnels to fresh air above
ground level. Where there is more than one line at a station, connecting tunnels
may be necessary to balance the air pressures.

The quantity of air induced into the stations from the running tunnels can be
considerably reduced if cross passages are provided between the twin running
tunnels at regular intervals. The distance between these passages will be governed
by the length of trains being operated. They also provide a useful means of access
for maintenance staff requiring to pass from one tunnel to the adjacent one. It will
be necessary to provide ventilation to staff accommodation sited below ground and
possibly also to plant rooms, particularly escalator machine rooms.

2.11 Rolling stock depots

An important requirement for an underground railway, or indeed any railway, is
the provision of depot facilities where repairs and day-to-day maintenance of the
rolling stock can be carried out. It is usually convenient to combine this facility with
stabling accommodation where trains can be left when not required for service.
Some railways site their operational control centre at the depot.

The size of the depot will be governed by the number of trains on the railway,
usually with an extra one or two sidings for engineers’ trains which would be used
for general maintenance work. The depot would be provided with some sidings
having access pits between the rails and also with lifting facilities, where cars could
easily be separated from their bogies. This would be done either by providing
overhead cranes or by jacking. In the depot, trains would be inspected and any
routine maintenance works carried out together with routine component changing.
Accommodation for the workforce and a material stores would usually be
provided.

These facilities would normally be sited in covered accommodation, and it is
desirable also to cover the stabling sidings. This is particularly important in
countries which experience cold weather with ice and snow. A further advantage of
covering the stabling sidings is the additional security that can be provided
compared with trains left in sidings in the opén. Another precaution against the
effects of cold weather is the provision of point heaters on track laid in the open. It
would be unfortunate if a railway built totally underground, and therefore
protected from the weather, were temporarily immobilized through frozen train
equipment and snowbound points within a depot on the surface.

The layout of the depot should be such that trains either leaving it for service or
entering it after being taken out of service can pass through the train-washing
machine, which would ensure that the exteriors of the trains are washed at least
daily. Internal cleaning and sweeping out of the cars would be carried out in the
stabling sidings. Depots should ideally be double-ended, so that in the event of a
derailment or other incident at the commencement of traffic which blocks one
entrance it will still be possible to use the other entrance to provide the service on
the railway.
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A typical depot for housing 20 eight-car trains would occupy a space of about
3-5ha. For planning purposes an area of 250 m? per car could be used.

Depending on the length of the railway, depot facilities may be provided at one
or both ends of the line. On longer lines, a depot situated some distance short of the
end of the line may be preferable for operating purposes. The cost would be
prohibitive to site these facilities in a bored tunnel but, on completion of depot
works constructed on the surface or in open cut, it may be feasible to raft over to
enable development to take place, thereby making use of the land taken for the
railway works.

2.12 Costs
2.12.1 General

Costs associated with an underground railway fall into three categories. First, there
is the initial capital cost of construction, second, the ongoing maintenance and
running costs and, third, the renewal costs when the assets reach the end of their
useful life. These three areas will be considered below, although running costs will
be excluded, as they are outside the scope of this book. All the costs quoted are at
1988 price levels and are in pounds sterling.

It must be emphasized that conditions can vary considerably from one country to
another and between cities within the same country, and the costs quoted should be
seen in that light. Nevertheless, they should give an order of magnitude for those
requiring such information.

2.12.2 Capital

The most important factor affecting the cost of an underground railway is the
method of construction. Cut and cover methods can potentially be the cheapest,
but this will depend largely on the cost of moving pipes, mains, cables and sewers
and any expenses associated with creating the space such as traffic diversions, etc.
As an example, a 4 km railway extension in London was built in the 1970s by cut
and cover methods. The cost of services and sewer diversions was about 25% of the
total cost of the railway, but nevertheless it was still cheaper to construct using this
method. Another cost advantage of cut and cover construction is that crossovers
and junctions can be provided relatively cheaply compared with the same facilities
in driven tunnels.

A further advantage is that station works are usually simpler, and even if
escalators are considered necessary to transport passengers to and from the
platforms, they can usually be installed in the space already provided by the cut and
cover method. With driven tunnels separate shafts need to be constructed, with
enlargements for machine chambers at both the top and the bottom. In some
circumstances a possible compromise could be shallow-bored tunnels and cut and
cover stations.

Of course, there will be many locations where cut and cover construction is out of
the question and therefore driven tunnels will be essential. The cost of tunnelling is
dependent more on the method to be used rather than on the depth of the tunnels.
The method will largely be governed by the ground conditions.

In tunnel construction there will be an initial cost of sinking shafts and providing
tunnelling shields or machines. There will then be the cost of driving the tunnels,
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which will depend on tunnel diameter and speed of construction. Tunnels driven in
good cohesive soils, suitable for expanded linings, can be constructed much more
quickly than those requiring the use of bolted linings and hence are much cheaper.
Linings will normally be made from concrete or some form of cast iron. Again,
concrete is usually cheaper but is not always suitable for the particular conditions.
In more recent years ductile iron linings have been developed, and these can be
economical, particularly in the larger diameters.

Running tunnels

The cost of driven tunnels per kilometre of route (i.e. twin tunnels with a single
track in each) would range from about £6 million to £45 million. The lower figure
would be appropriate for small-diameter tunnels driven in good cohesive ground
and using expanded concrete linings, while the higher figure would include
larger-diameter tunnels driven in poor ground requiring special tunnelling
techniques. These costs are for civil engineering only and do not include those of
land.

The cost of cut and cover tunnels (i.e. a single structure containing two tracks)
would lie between £5 million and £12 million per kilometre. The lower figure would
be for construction in good ground above the water table while the higher one
would allow for water-bearing ground with substantial temporary works and
services diversions. Again, these costs are for civil engineering only and do not
allow for land acquisition.

Stations

The cost of stations is more complicated, and will depend on depth, number of
lines, length of platforms, position of ticket hall and, of course, ground conditions.
For a typical station constructed in driven tunnels with two tracks about 20 m deep,
platforms 140 m long and a subsurface ticket hall with escalators the cost would be
between £18 million and £45 million, according to ground conditions. These figures
are for civil engineering only and again do not allow for any land acquisition. For a
similar station but shallow and constructed by cut and cover methods the cost
would lie between £6 million and £15 million.

Other costs

To enable a comparison to be made, the cost per kilometer of a surface railway
would be some £2 million to £4 million. Similarly, for an elevated railway the cost
might range from £5 million to £10 million per kilometre.

The cost of equipping the tunnels with track, signalling and electrical supplies
will add about £2 million to £4 million per kilometre of route (i.e. two tracks) to the
previously mentioned figures. Equipping stations, including architectural
finishings, might range from £1 million or less for a simple surface station to £15
million for a deep-level station with escalators. A rolling stock depot for 30 six-car
trains, fully equipped and constructed on the surface, could cost between £20
million and £40 million, excluding land.

2.12.3 Maintenance

Tunnels require little maintenance. Inspections should be carried out at intervals of
about twelve years for cast iron-lined tunnels and about four years for others, and
any damage to or deformation of the linings or structures should be noted.
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Particular attention should be paid to ingress of water. It may be necessary to repair
caulking or to take precautions such as grouting if water ingress is considered to be
unacceptable. Such inspection and maintenance might cost about £1500-8000 per
kilometre per annum, depending on the age of the structures.

The drainage system needs to be maintained, with the sumps being cleaned out
regularly. The frequency will depend on experience gained on the rate of build-up
of silt.

The most expensive item will be the maintenance of the permanent way. The
track geometry will need to be adjusted as wear takes place and regular attention to
fastenings will be necessary. It is normal practice to inspect the track at regular
intervals, depending on the volume of traffic. This might vary from every day to
once a week, and will normally be done at night during non-traffic hours.

Assuming an inspection frequency of once every 48 h, with work carried out at
night and an annual traffic of some 15-20 million tonnes, then the annual
inspection and maintenance cost per kilometre of route (i.e. two tracks) would be
in the range of £9000-14 000 for track concreted into the tunnel invert and about
£13000-20000 for track laid in ballast.

A further maintenance consideration is cleaning the tunnels. Dust will collect in
the tunnels from the passengers, train brakes, wear of the rails and train wheels and
from external sources via stations and tunnel portals. This dust tends to be
flammable and can ignite from a spark. It is therefore necessary to keep the tunnels
clean, and this can either be done manually or by mechanical means such as a
tunnel-cleaning train. Experience of the rate of build-up of dust will determine the
cleaning frequency, Normally this would be not less than annually.

2.12.4 Renewal

The life of the assets will vary. The tunnel structure can be expected to have at least
100 years of life. Some brick-lined tunnels in London are now 125 years old and are
still performing adequately, with little sign of deterioration and very low
maintenance costs. The drainage system, if maintained adequately, should also
have a long life, although pumping equipment might need renewing at about
25-year intervals.

The life of the track components will vary according to the amount of traffic
carried. In general, rails should have a life of at least 30 years and hardwood or
concrete sleepers perhaps 50 years. If the track is poorly maintained or laid on
sharp curvature these lives could be much less.

Assuming that track has an average life of about 30 years the annual cost of
renewal of ballasted track would be between £11 000 and £17 000 per kilometre. For
track concreted into the tunnel invert the annual renewal cost would be between
£22000 and £30000 per kilometre. These figures can vary considerably, according
to local conditions and practice, but do give an indication of the magnitude of the
expenditure. They assume that the renewal work will be carried out outside normal
traffic hours (generally at night) without substantial interruption to normal train
services.

2.13 Construction materials

The consequences of fire below ground is likely to be much more serious than
above ground, and it is therefore essential that care be taken in selecting materials
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to be used in the construction and equipment of the railway. Wherever possible,
metal, concrete or other inert, non-organic materials should be used. Any suspect
materials should be thoroughly tested and advice sought from fire experts.

2.14 Programme
2.14.1 Construction time and critical activities

The preparation of a programme for the construction of an underground railway is
an important part of the planning process, and will be carried out by civil engineers
using their knowledge of construction methods and techniques. It is possible that
the railway is being built specifically for a special function or event, and will be
required to commence operating on a particular date. Such a time constraint could
very well govern the type of construction adopted and adds emphasis to the need
for early programming considerations.

With cut and cover construction the time required for diverting underground
services is likely to be significant, and detailed discussions will need to be held with
the authorities responsible for sewers, drains, gas and water mains, electricity and
telecommunication cables to determine how the works will best be carried out.
Telecommunications services in particular can be very time consuming to alter. It
may be possible to do some of this work in advance, perhaps while the detailed civil
engineering design is being completed, so that when the main work commences on
site much of the diversions will have been done.

With a railway constructed in deep-level bored tunnels it is usually the station
works that take the longest to complete, and these should therefore be planned to
commence as early as possible. Driving of the running tunnels is rarely a critical
time factor, although full consideration should be given to the availability of both
shields or tunnelling machines and tunnel linings.

Another part of the works that is often critical as far as construction time is
concerned is the rolling stock depot, and again early commencement of these
facilities is advisable.

2.14.2 Equipping

In preparing the programme the civil engineer will need to allow time for the
equipping of the tunnels and stations. Installation of trackwork will normally
proceed as soon as the tunnels are sufficiently far advanced, followed by the
signalling system and the running of cables through the tunnels for lighting, power
supplies, etc. Equipping of the stations is also a time-consuming activity and should
be integrated as far as possible with the construction works. Architectural finishings
to floors, walls and ceilings will follow close behind the civil engineering works, and
it is advisable to commence the work on escalators or lifts as early as possible, as
the installation and testing time for these items can be considerable. It is usually
possible to undertake such works as staff accommodation, ventilation plant
installation, lighting, signing, public-address systems and ticket-issuing and control
facilities concurrently with the escalator works.



Chapter 3

Civil engineering aspects of station location
and design

G. G. Dobson MSc, MICE, FIHT
Acer Freemen Fox, London, UK

Contents

3.1

3.2

3.3

Location

3.1.1 The dilemma
3.1.2 Passenger access

3.1.3 Transport interchange
3.1.4 Utilities

3.1.5 Method of construction
Layout and main dimensions
3.2.1 Principal elements
322
323
3

3

Island platforms
4 Interchange stations
5 Flotation

2
.2.2 Side platforms
2
2
2

2.6 Safety

3.

Entrances and passenger facilities

3.3.1 Free-standing entrances

3.3.2 Entrances within other
buildings

3.4

3.5

3.3.3 Provision for lifts, escalators
and stairs
3.3.4 Platforms and passageways

Plant rooms and provision for
services

3.4.1 Heavy equipment
3.4.2 Noisy equipment

3.4.3 Ventilation equipment
3.4.4 Provision for services

Construction

3.5.1 Diversion and protection of
utilities

3.5.2 Protection of adjacent
structure

3.5.3 Road-traffic diversions and
temporary support

46
47

48
48

49
50

50
50
51

53

31



Location 33

3.1 Location
3.1.1 The dilemma

Designers of underground railways face a major dilemma when deciding where to
locate the stations. On the one hand, they wish to site them so that they are
convenient for the intending passengers, and this means that the preferred
locations are in the most densely developed areas of the city. It is here that the
largest numbers of passengers are available, and it is by serving these areas that the
underground railway can make its greatest contribution to ease congestion on the
city streets.

On the other hand, by choosing sites which maximize the catchment area for the
stations, the designers are inevitably increasing the engineering problems of
constructing the railway. The shortage of space in the centres of large cities has
necessitated the construction of multistorey buildings with deep foundations and
the proliferation of underground cables and pipes carrying the essential public
utilities in the roadways. Except in the few cases of truly modern cities, the
roadways themselves are at their narrowest in the central area.

This, then, is the problem faced by designers: they must build stations in the most
difficult and congested locations.

3.1.2 Passenger access

Favoured positions for stations are beneath surface-level junctions where they can
benefit from the pedestrian routes radiating from the intersection. If entrances are
sited in each quadrant of a typical four-way junction, passengers do not have to
cross road-traffic streams when entering or leaving the station.

It is also beneficial to locate stations close to large office, shopping or residential
developments where easy access by considerable numbers of people will encourage
high ridership on the railway (Figure 3.1). Even better accessibility can be achieved
if stations and new developments are designed and built as an integrated whole.
When correctly planned, this produces attractively short access to the station with
protection from any inclement weather conditions. However, these advantages will
only be fully realized if there is good cooperation between the railway authority and
the developer in dealing with the technical, programming and legal interfaces
between the railway and the development.

3.1.3 Transport interchange

In a medium-sized or large city no single means of transport can meet the needs of
all the population in all areas of the city. Each mode has a role to play, and
therefore the overall efficiency of the total transport system is improved if there are
convenient interchange points between the modes (for example, between bus
services and the railway, and at major carparks).

In addition to improving the service for the general public, collaboration
between the different forms of urban transport is mutually beneficial to each of the
cooperating modes. For this reason, it is good policy to site underground railway
stations close to existing transport interchange facilities, such as major bus stations.
If redevelopment or reconstruction is possible then an integrated design can be
produced to give the maximum convenience to the travelling public.
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Figure 3.1 An entrance to an underground station incorporated into a high-quality commercial building.
The corner site allows two entries to be provided; one on each of the two roads

3.1.4 Utilities

City streets and footways are frequently used as convenient routes for a wide range
of services such as:

Water supply;
Drainage;

Gas;

Electrical power; and
Telecommunications

Even the smallest engineering works are complicated by the presence of these
utilities, and they must be protected or diverted so that the services are maintained
during construction.

Building an underground railway station is a major task, involving substantial
disruption to underground services, particularly if the construction is by the cut and
cover method. Less disturbance is caused if the station is formed by driven tunnels
and the only works constructed at surface level are passenger entrances and
ventilation shafts.

The accurate identification of all utilities at a station site is a time-consuming
activity, but one which must be rigorously undertaken to avoid later costly
emergency works and delays. Records kept by utility companies do not necessarily
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have the dimensional detail needed by the designer of the underground railway,
and site surveys are essential.

In some cases the existence of a telecommunications cable may not be
acknowledged by the government authorities because of its importance for national
security. The designer should be aware of this possibility, and be sensitive to any
guidance provided by the authorities.

The time and cost of diverting any existing utilities are factors that must be taken
into account when deciding on station locations, but it is impossible to avoid
underground services entirely. Of those that are encountered, the most difficult to
alter are large sewers and drains operating under gravity.

Altering the invert level of a drain by a significant amount may have far-reaching
consequences. Raising the level decreases the upstream gradient and capacity,
resulting in a slower flow which might encourage sedimentation. Reducing the level
may require extensive lowering downstream so that a falling gradient is maintained;
while the diversion of a drain round a station site will inevitably result in a longer
route and therefore a reduced gradient.

These factors will not always cause major problems at every site where there are
existing large drains, and the difficulties of maintaining gravity flow will always be
easier in areas where the natural slope of the ground is significant. However, when
severe problems are encountered it may be necessary to install pumps or inverted
syphons to bypass the new obstacle created by the underground station. Flushing
arrangements may also be needed to clean drains that have been relaid to a shallow
gradient.

3.1.5 Method of construction

The disruptive effect of cut and cover construction has been mentioned. Access to
the whole ground surface of the station site is necessary and this effectively limits
the location of stations to roads, open spaces such as parks, or occupied sites which
are due for demolition and redevelopment.

If a station is to be formed by tunnelling there is less restriction on possible sites,
but there is not complete freedom of choice. In general, the construction of tunnels
will affect the overlying strata so as to cause subsidence of the ground surface. The
extent of the disturbance depends on the nature of the ground and the method of
tunnelling; while the consequential effect of subsidence is determined by the nature
of the buildings and their foundations. Deeper tunnelling causes less ground-level
subsidence than shallow tunnelling, and therefore allows greater choice for the
location of stations. The principal disadvantage of deep stations is their greater cost
and the inconvenience to passengers of the extra time needed to reach the trains.

3.2 Layout and main dimensions

3.2.1 Principal elements
A typical underground station has three main elements:

1. The platform area;

2. The concourse containing ticket-issuing machines and access control; and
3. Offices and equipment rooms not open to the passengers.

These are normally arranged in two levels with the platforms at the lower level and
the concourse above. Offices and equipment rooms are usually accommodated at
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Figure 3.2 Plan and sections of an island platform station constructed by the cut and cover method. The
passenger concourse containing ticket machines and entry gates is located at the first level below
ground. Escalators provide access to the platform at the lower level. Staff offices and equipment rooms

are sited at both ends of the station
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the ends of the station at both concourse and platform levels. Escalators, stairways
and lifts (i.e. elevators) are provided for the use of passengers between the
concourse and platforms, and there are also connections between the non-public
areas on the upper and lower levels for station staff and maintenance personnel.

Platform lengths are determined by the size of train and are typically about 140 m
long for a heavy metro, although this can extend to 180 m on some systems. An
overall length of about 250m provides space at the end of the platforms for
electrical switchgear, transformers, emergency generators, signalling equipment
and other plant (Figure 3.2).

The internal width of a cut and cover station is largely determined by the need to
accommodate the tracks, platforms and escalators at the platform level, and is
usually in the range of 18-22m. The variation is mainly due to the differing
numbers of escalators needed to serve passengers at heavily loaded and lightly
loaded stations, and the different widths of platform that are required.

The internal height of a cut and cover station is typically 9.5 m from rail level to
the underside of the concourse roof slab, but its depth below ground level is
variable and is determined by local site conditions. A 2m depth of cover over the
roof slab provides a suitable allowance for pavement construction and small
utilities, but greater depths may be necessary to avoid the permanent rerouting of
large drains. The overall depth from ground level to rail level is usually in the range
13-25m.

Two different platform layouts are possible with cut and cover stations:

1. Side platforms (i.e. platforms on either side of two adjacent running tracks)
(Figure 3.3); and
2. Island platforms (i.e. central platforms with the running tracks on either side).

Figure 3.3 A side platform station constructed by cut and cover methods with the steel beam supporting
the roof visible over the tracks
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Figure 3.4 A single track and a 3 m wide platform accommodated within a 6.5 m diameter bored tunnel

Similar arrangements are possible with tunnelling methods, but it is often
uneconomic to form a large enough void to accommodate two tracks and two
platforms, and therefore a common solution is to build two enlarged tunnels, each
containing one track and a platform (Figure 3.4). The two are then linked by
secondary tunnels to escalators and stairs giving access to the concourse area.
However, this is by no means a universal solution, and even in difficult ground
conditions spacious caverns can be formed to create attractive and convenient
stations. The objectives of the railway authority and their financial constraints are
major determinants of the station layout and style.

In cities with narrow streets and buildings having deep foundations it may be
necessary to locate one track and its platform below the other to keep within the
available construction width. This may be done by either tunnelling or cut and
cover construction.

With cut and cover construction, the overall dimensions of the station at platform
level effectively determine the size of the concourse level. This generally provides
adequate space for passenger circulation, and the efficient disposition of ticket
gates and vending machines, together with an area which accommodates offices
and equipment rooms that are closed to the public (Figure 3.5).

If a station is constructed by tunnelling methods the size of the concourse area is
not necessarily affected by the dimensions of the platform level, and because of the
high cost of tunnelling, concourses formed by this method will usually be less
generous in size than when cut and cover construction is used.
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Figure 3.5 A spacious concourse in a modern station constructed by the cut and cover method, well
equipped with ticket-issuing machines and enquiry office

More attractive designs are possible when the ground conditions allow the
formation of larger voids by mining or tunnelling techniques. These opportunities
depend on the presence of a reliable rock stratum or the ability to enhance the
strength of the existing ground.

3.2.2 Side platforms

The arrangement of platforms on either side of a pair of centrally placed tracks
usually arises because cut and cover construction is used for the running tunnel
between stations. With this method both tracks are placed side by side within one
box-like structure. To avoid unnecessary expense the overall width of the box is
kept to a minimum, consistent with the railway structure gauge. It is therefore
convenient to maintain the tracks in the same close position as they pass through
the station and to locate the platforms one on either side of the pair of tracks.

One consequence of this arrangement is that the escalators, stairs and lifts to the
concourse level must be placed against the outer wall of the station structure. The
upper ends of the escalators may then interfere with the preferred siting of entrance
passageways or stairs into the concourse from street level. Another disadvantage of
side platforms is that they require their own escalators and stairs. There is no
possibility of one set serving both platforms, as is the case with an island platform
arrangement.



40  Civil engineering aspects of station location and design

3.2.3 Island platforms

The most generally favoured arrangement of platforms in an underground station is
a combined central or island platform between the two tracks. This is the natural
design when the running tunnels between stations are formed by bored tunnels.
The two separate drives must be kept apart and thus the tunnels are conveniently
located so that the tracks can run on either side of an island platform within the
station.

Escalators, stairs and lifts are located at one or more points along the centre line
of the platform and are used jointly by passengers arriving at, or departing from,
both faces of the platform. Therefore there may be some opportunity to reduce the
total provision of such facilities compared with a side-platform arrangement.
Because the tops of escalators are located in the central area of the concourse they
do not inhibit the siting of entrances and exits from street level. These can be
located at any point on the periphery of the concourse to suit the local conditions.

The opening in the concourse floor slab can be the minimum size necessary to
accommodate the tops of the escalators and stairs, or it may be decided to
introduce a larger opening as a particular architectural feature. This creates an
enhanced feeling of space and a point of interest for passengers arriving at the
station, but the safety aspect needs to be considered (see Section 3.2.6).

3.2.4 Interchange stations

When stations are located at the intersection of two or more routes, the layout
should be designed to facilitate the interchange of passengers between the services.
The numbers of people wishing to change from one train to another at an
interchange station will depend on the configuration of the railway system, and it is
important to establish which will be the predominant flow of transfer passengers.

The most convenient interchange occurs when the arriving train stops at one side
of an island platform and the departing train leaves from the other. This so-called
‘cross-platform transfer’ should be used for the largest interchange movements.

A typical cut and cover interchange station involving two routes (say, A and B) is
constructed with three levels below ground:

Level 1: Passenger concourse;
Level 2: Route A track separated by an island platform from Route B track; and
Level 3: The second tracks of routes A and B separated by an island platform.

A similar general arrangement can be provided in stations that are formed by
tunnelling, but a true cross-platform transfer is not possible. Passengers move
between adjacent platforms at the same level by means of cross adits driven at
intervals between the platform tunnels. The need to maintain a safe separation
between tunnels also means that the vertical distance between different levels must
be greater than with a cut and cover station.

Other layouts may be used for interchange stations (e.g. with all tracks laid at the
same level). In this case the transfer between platforms which are not adjacent to
each other may be made through an overlying concourse or by passageways
constructed above or below the platforms.

Interchange stations are frequently located in the central business district or
other intensively developed parts of the city. Their design is therefore tightly
constrained by existing buildings, highways and public utilities, and presents one of
the main challenges to the civil engineer.
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3.2.5 Flotation

An attractive feature of cut and cover stations is their spaciousness compared with
stations formed from a series of interlinked tunnels. This particular characteristic
can, however, be a disadvantage in water-bearing soils because the buried station
structure may have an overall density similar to that of water. There is then the risk
that the box-like structure will not maintain its correct level but will tend to rise.

The weight of the structure divided by that of the displaced volume of water must
be greater than unity. Ratios of 1.03 and 1.07 are typical of the factors of safety
adopted for the construction phase and the completed stations, respectively. In
calculating these factors, conservative assumptions are made about the density of
materials and construction tolerances. The effects of live loads, skin friction and
other overlying buildings are ignored.

3.2.6 Safety

The safety of passengers and staff is of paramount importance, and should be a
principal objective of the station designers and operators. This is not just a matter
of installing safety equipment. Warning devices, firefighting equipment and
emergency communications are all essential for the protection of passengers and
staff, but a station’s layout and structural design determines whether it is
intrinsically safe or dangerous. Inadequate fire resistance of the structural elements
and incomplete compartmentation create a potentially hazardous situation, as do
narrow platforms and passageways and long, continuous escalators or flights of
stairs.

During peak periods many thousands of people will enter and leave a mass
transit station, and it is important that realistic estimates are made of the flow of
passengers before the design is finalized. Inadequate provision can be rectified later
only at a high cost. When large numbers of people are moving in confined spaces
and frequently hurrying there is always the worry that a minor mishap, such as one
person stumbling and falling, could result in many others falling and being unable
to regain their feet quickly because of the pressure of the crowd behind them. In
these circumstances serious injury and death may be caused by passengers being
trampled underfoot or asphyxiated under a heap of bodies.

If the capacity of passageways, stairs and escalators is adequate, the press of
people will be less and a slight accident to one person should not result in a major
event. Typical design capacities are given in Section 3.3.4.

The chance of any one individual falling is minimized by:

1. Avoiding unexpected changes in level;

2. Ensuring that stairs and ramps have safe dimensions and slopes;

3. Avoiding long flights of stairs; and

4. Providing generous space at the head and foot of escalators and stairs.

Escalators themselves are frequently constructed with four flat steps at their
upper and lower ends so as to provide a more gradual transition for passengers
mounting and dismounting. Suitable standards and dimensions for stairs and ramps
are suggested in Section 3.3.4,

In addition to ensuring that all passenger routes through the station are safe for
the normal day-to-day operations, it is necessary to provide evacuation routes
which may be used in an emergency to lead passengers away from the immediate
danger and out of the station. Any passenger or member of staff, wherever they
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might be within the station, should be able to turn away from the hazard and find at
least one means of escape. Some evacuation routes might pass through corridors
and stairs in those areas of the station that are normally reserved for railway staff.
Local emergency and rescue services should be consulted when the evacuation
criteria are being decided and agreement reached on the maximum times that
should be allowed to empty the platforms, concourse and other areas. It is usual to
specify a scenario which assumes a combination of adverse factors such as:

1. Peak-period conditions;

2. A delay to-train services prior to the emergency which results in an accumulation
of passengers waiting on the platforms;

3. The arrival of a fully loaded train shortly after the emergency occurs;

4. One escalator from the platform out of action and can only be used as a fixed
stair.

It may be that more than one scenario is necessary to cover the possible range of
circumstances that could apply when an emergency occurs.

To arrive at a safe design it is advisable to make conservative assumptions about
the speed with which emergency procedures are implemented. The movement of
escalators cannot be changed instantly from the downward to the upward direction
to help evacuation, and it may be impossible to prevent the first train arriving at an
affected station from stopping there and adding to the number of people who then
must use the escape routes.

The most hazardous place in a station is at the edge of a crowded platform as a
train arrives, but because of the obvious danger most people are very careful and
accidents are rare. However, some urban railways are equipped with screens and
sliding doors along the edge of the platform which open when the train has arrived
and come to a halt and close before it moves off again. In addition to being an
obvious safety feature, the screens also reduce the amount of air which is lost from
the station into the running tunnels, and this can be an important consideration in
tropical or other countries, where air conditioning is necessary for passengers’
comfort in stations.

There has been some concern about the reliability of platform-edge doors
themselves and also the ability of the rolling stock to stop at the precisely required
spot. If these difficulties can be overcome, the sense of security that platform doors
provide will encourage their wider use.

The most likely cause of an emergency in an underground station is fire, and
although staff training and the provision of equipment are essential for fire
prevention, detection and fighting, it is obvious that inflammable materials and
those which produce toxic fumes when heated should not be used in the structure or
finishes of a station. Furthermore, good civil engineering design is able to mitigate
the effects of a fire if one occurs.

Early consultation with the local firefighting authority is necessary to decide the
appropriate design standards for the compartmentation and evacuation/access
routes and the type and scale of equipment that is installed for prevention, warning
and firefighting. In discussion with the professional firefighters it should be borne
in mind that they will have the dangerous duty of dealing with any major disaster
that may occur, and their requirements cannot be treated casually.

The practice of arranging the interior of a building into a series of fire-resistant
compartments is well established and can readily be applied in the non-public areas
of stations. In this way, safe routes for evacuation of passengers and staff can be
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created, and access provided for the professional firefighting personnel. The
containment of a fire also delays its spread so that only the equipment in its
immediate vicinity is damaged.

The fire-resistance period of each compartment should be decided by considering
the safety of passengers, staff and firefighters, the quantity of combustible material,
and the importance of the plant and equipment. It is unlikely that a period of less
than 2h would be adopted for most parts of an underground station, and some
critical areas might have a significantly greater resistance.

Special consideration must be given to the main structural members, since any
collapse due to fire damage would be disastrous — far greater than the loss of
individual items of plant and equipment. For this reason, longer fire-resistance
periods of 4h or more may be adopted for the main structural elements.

The principle of compartmentation cannot be fully applied in the public areas of
the stations (i.e. the concourse and platforms) because their main characteristic is
to allow the easy and unimpeded movement of passengers. Fortunately, the
quantity of combustible material in these areas should be low; provided that the
correct materials have been used in the architectural finishes and the installed
equipment, and that rubbish is not allowed to accumulate. Although the risk may
be low the effect of any fire that did occur in the large public areas would be
serious, and it is prudent to take the maximum precautions that are possible. These
can include the compartmentation of any ceiling voids to restrict the movement of
high-level smoke and the construction of downstand beams around the openings in
the concourse floor slab to contain rising smoke in the platform area.

3.3 Entrances and passenger facilities

3.3.1 Free-standing entrances

Entrances should be convenient and attractive so as to encourage people to use the
underground railway and to make an immediate impression of quality. It is
therefore important that they are located so that the maximum number of potential
passengers are assured easy and safe access.

Overhead cover may be constructed to protect passengers from rain or strong
sunlight, depending on the climate, and to cover the upper end of any escalators
installed to carry passengers from street to concourse level. However, this
protection is not essential provided that the escalators are designed for external
use, and may in fact be undesirable because of its physical and visual intrusion in
the city street. Lifts (i.e. elevators) will be necessary if it is the general policy of the
railway authority to provide facilities for disabled passengers, and will require some
entrance structure above ground level.

In countries that experience heavy rainfall such as that occurring in typhoons or
similar tropical storms it is necessary to protect the passenger entrances and all
access points to the underground railway against the effects of local flooding of the
streets. This is normally achieved by raising the threshold of the entrance by an
amount up to 50cm in order to prevent the inflow of water (Figure 3.6).

Raised thresholds are not recommended as a general practice because they are
inconvenient for passengers who have to mount one or two steps before starting
their descent into the station. If the disabled have to be accommodated, it is also
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Figure 3.6 A free-standing entrance adjacent to a ventilation shaft structure. The threshold is raised
above the street level to prevent the entry of flood water

necessary to provide ramps as well as stairs; and there must always be some concern
that the transition from an up-ramp to a down-ramp will be difficult for wheelchair
users to negotiate safely. It is much more preferable if the local stormwater
drainage system can be improved and maintained so that rainwater is not allowed
to accumulate in the vicinity of the entrance. However, this is not always feasible
where very intense storms occur, and if temporary flooding is possible an
alternative to raising the entrance threshold is to make provision for floodboards
that may be placed in position across the entrances in response to an imminent
threat.

The appearance of a free-standing entrance structure above ground may be
modest and unobtrusive or ornate and imposing. Its style should be influenced by
the surrounding buildings and activities. Large entrance structures are not likely to
be feasible in a central business district.

3.3.2 Entrances within other buildings

In response to the shortage of space in city centres for free-standing entrances it is
common practice to incorporate station entrances within other buildings. If these
are large office or retail establishments there is the additional advantage that the
people visiting them will be given convenient access to the underground railway
(Figure 3.7).
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Figure 3.7 An underground station concourse integrated with retail shopping facilities

Although it is not impossible to construct a new entrance to a station from within
an existing development, it is more usual for an entrance to be incorporated during
the design and construction of a new building. Such opportunities occur when a site
adjacent to a station is being redeveloped either during the construction of the
underground railway or at a later date.

There are a number of technical and legal interfaces to be identified and agreed
between the railway authority and the developers when entrances are incorporated
within another building. Not all of these are directly relevant to civil engineers but
they must decide whether any part of the entrance should be integral with the
building structure, or whether it can and should be structurally independent. There
is no reason, in principle, for preferring one arrangement to another. What is
important is that the designers of the station and the building both have a clear
understanding of the interreaction between the two structures. Station designers
must satisfy themselves that the structural design of the building does not pose any
threat to the fabric of the entrance and to the passengers and staff. They must also
review the drainage arrangements and be assured that flood water and waste water
from the building cannot be diverted into the station entrances.

The construction of a cut and cover station outside the limits of the roadway
usually provides the opportunity for the joint development of the station and a
commercial, residential or mixed-use building. In this case the structural
integration is complete, since the overlying building is wholly or partly supported
by the station.



46  Civil engineering aspects of station location and design

Figure 3.8 A set of three escalators serving a wide island platform in a modern station constructed by cut
and cover methods

3.3.3 Provision for lifts, escalators and stairs

The preferred method of moving passengers between the concourse and platform
levels is by escalator. However, these must be supplemented by lifts (elevators) if
provision is being made for physically disabled persons. When more than one set of
escalators are required to carry the anticipated peak flow of passengers they are
best located so as to encourage an even distribution of passengers along the length
of the platform.

A typical metro station should have two sets of escalators to serve an island
platform. Each set should comprise a minimum of one reversible escalator and one
flight of stairs. This provision would only be suitable for lightly loaded stations.
Moderate or heavy flows will warrant additional escalators and stairs to meet their
particular needs for both normal operation and emergency evacuation (Figure 3.8).

In stations that are formed by tunnelling, the escalators are normally
accommodated in inclined tunnel drives connected to cross adits giving access to
the platforms. In cut and cover stations the escalators are supported at their upper
end by the concourse slab and at their lower end at a point below platform level
(Figure 3.9). An intermediate support may also be provided. The total dead and
live load of an escalator with a 5m rise is likely to be in excess of 250 kN.

Stairs provide the means of connection between the upper and lower levels of the
non-public areas (i.e. between the offices and equipment rooms on the concourse
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Figure 3.9 A set of three escalators accommodated within a 7.5 m diameter inclined shaft

level and the equipment rooms at platform level). These may also be used for the
emergency evacuation of passengers, or if they are not conveniently sited for that
purpose, additional stairways should be installed.

3.3.4 Platforms and passageways

The widths of platforms are determined by considerations of safety and numbers of
passengers in the peak period. A minimum of 3 m is usually maintained between
the platform edge and any continuous structure or fitment. This may be reduced to
2.5m where the obstruction is small and isolated.

Under normal operating conditions a space of 1 m? should be allowed for each
passenger waiting to board a train. Thus it is possible to calculate the necessary
width of the platform from a knowledge of the peak arrival rate of passengers and
the service interval of trains. It is usual to allow a 0.5m zone adjacent to the
platform edge, which should not be occupied before the train has arrived and come
to a standstill.

Emergency situations must also be considered. These may involve the
disembarkation of a full trainload of passengers onto a platform which already
contains an accumulation of passengers. Under such conditions the minimum safe
area per person is about 0.2 m?. The adopted platform width should not be less than
the minimum required for normal and emergency conditions, and should be at least
3m (or 2.5m at an isolated obstruction).
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Corridors may be provided for either one- or two-way flows of passengers. The
latter have a lower capacity per metre width than the former, but where the flows
are moderate it will be more economical to provide the less efficient two-way
corridor. Typical flow rates are as follows:

One-way flow: 85 passengers per minute per metre width;
Two-way flow: 70 passengers per minute per metre width.

Recommended minimum widths for corridors in public areas are:

One-way flow: 1.8 m
Two-way flow:2.4m

A narrower width of 1.2 m is appropriate for corridors which are used only by staff.

3.4 Plant rooms and provision for services

3.4.1 Heavy equipment

A variety of plant, ranging from telecommunications equipment to standby
electrical generators, may be accommodated within an underground station. When
compared with the live load in the concourse and platform areas, the loads imposed
by some of this equipment are quite onerous, and all designs must be checked to
ensure that they are adequate to sustain the static and dynamic loads generated by
the actual plant that is installed.

Full details of the equipment will not normally be known when the structural
designs are first being prepared, and notional loads must be adopted to determine
the principal structural sizes. Electrical power equipment is the heaviest plant to be
accommodated, and the following values are typical of the uniformly distributed
and concentrated loads assumed in the initial design:

Distributed load: 20 kN/m?
Concentrated load: 20 kN on a square of 300 mm side.

These values may be compared with the corresponding figures of 10kN/m? and
20kN for other plant rooms containing lighter equipment such as telecommunica-
tions gear and with 6 kN/m? and 20kN for the public areas of the station.

3.4.2 Noisy equipment

It is desirable to maintain a low level of noise in the public areas of stations for the
general comfort of passengers and so that announcements made over the
public-address system are audible. A standard of about NR 50 may be adopted for
the concourse. Within some of the plant rooms the noise level may be as high as
NR90, and it is necessary that this should be attenuated so that it does not
adversely affect the public areas. Sound-absorbent materials may be applied to
walls and ceilings, but the material and construction of the walls and floor slabs
themselves can make a major contribution in preventing the dispersal of noise
throughout the station. In some parts of the station the sound-insulation qualities of
the walls may be more important than their structural strength; increased
thicknesses or stiffness may be introduced to limit the transmission of sound.
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3.4.3 Ventilation equipment

Environmental control systems, including chillers and filters, may be regarded as
standard equipment for underground stations, particularly in tropical countries. In
addition to the space required for the air-handling units, provision must be made
for ducts to distribute treated air throughout the station and to return vitiated air to
the treatment plant. These ducts may be located at ceiling level in the concourse
and platform areas and below the platforms themselves.

Three ventilation shafts are normally required at each end of the station in order
to:

1. Provide a supply of fresh air;
2. Dispose of vitiated air;
3. Provide draught relief.

Draught-relief shafts reduce the fluctuation of air pressure within the station as
trains agproach or leave. Each shaft is likely to have a cross-sectional area in excess
of 10m* (Figure 3.10).

Figure 3.10 A ventilation structure incorporating inlet and exhaust shafts from an underground station,
and accommodating chiller units for the environmental control system
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The three shafts may be combined into a single structure or incorporated into
another building provided that the openings are arranged so that there is no
interference between their separate functions. They must also be clear of any
window or other opening in an adjoining building.

It is necessary to take into account the variation in air pressure caused by the
movement of trains and the ventilation fans when designing the lighter structural
elements of the station.

3.4.4 Provision for services

Many of the civil engineering details of an underground station are influenced by
the requirements of the electrical and mechanical equipment. Some of the main
items of equipment have already been mentioned, but the full range will include
most of the following:

1. Power supply (traction substations, station substations, standby generators,
batteries, switchgear and cables);

2. Communications (telephones, radio, clocks and passenger-information displays,
closed-circuit television, public-address systems);

3. Escalators and lifts (elevators);

4. Fare collection (ticket-issuing/validating machines, entry and exit gates,
cash-handling equipment);

5. Environmental control (air conditioning and ventilating equipment, ducts,
tunnel vent fans);

6. Building services (lighting, low-voltage distribution, fire-detection and firefight-
ing equipment, water supply, sanitation). In addition, there may also be
signalling equipment sited within a station, even though signals will normally be
controlled and monitored at a central site.

The civil engineering design must take account of all this equipment by the
provision of all necessary plinths and openings, the reservation of routes for ducts,
cables and pipes, and the building-in of brackets and supports. The location of
some equipment, notably ticket-issuing machines and entry gates, cannot be firmly
determined during the civil design phase. In fact their positions will probably need
to be altered during the operation of the station as the passenger flows vary from
year to year (Figure 3.11). For this reason, the civil engineering detailing should
not inhibit the resiting of such equipment and the rerouting of cables. The
necessary adaptability can be provided either by a false floor (i.e. a space beneath
the surface finish) or 100-200 mm of non-structural filling over the loadbearing
floor.

3.5 Construction
3.5.1 Diversion and protection of utilities

Water and gas supply pipes and drains and sewers are generally located below
ground. Electricity supply and telecommunications cables may be situated either
above or below ground, but it is becoming increasingly common to locate them
below ground, particularly in well-developed city centres.

Drains and sewers with a diameter of 1 m and above present a major obstacle to
construction. It is often impractical to support them across the large excavation that
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Figure 3.11 Ticket-operated entry and exit gates newly installed in the concourse of an existing station

is required for the construction of a cut and cover station, and they are frequently at
a depth which would conflict with the completed station. In such cases they must be
diverted around the station and all subsidiary drains reconnected.

Smaller drains and sewers are often supported across an excavation. The choice
of whether to support or divert will depend upon the local circumstances, and
particularly the depth of the drains relative to the upper level of the finished
underground structure. Underground utilities close to a driven tunnel are only at
risk where they cross the settlement trough caused by tunnel driving.

Large-diameter pipes and cables susceptible to damage by settlement may be
supported by treating the ground beneath them to limit the settlement. An
alternative is to excavate down to the utility and hang it on adjustable supports.
The length of the supports is altered as the ground subsides, thereby maintaining
the utility at its correct level. Overhead cables are diverted where they would
interfere with construction plant and worksites.

3.5.2 Protection of adjacent structures

All underground works result in some displacement of the surrounding earth,
either by the loss of ground, release of naturally occurring stresses or the movement
of groundwater. The magnitude and extent of the movements depend on the nature

of the ground and the method of excavation and construction of the underground
works.
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The degree of possible damage to adjacent structures depends on the size and
form of the building, the extent and type of foundations and the degree of
settlement. Structural form and materials are important factors in determining a
building’s response to a given degree of settlement. Loadbearing masonry and
brick structures have an inherent flexibility which tends to produce minor rather
than major damage when small settlements occur, but they may not have the
ultimate capability to resist the relatively greater settlements that can be sustained
by a well-designed modern frame building. However, there are no general rules
that can be applied, and each case must be examined by the civil engineer.

Thus, before the design of an underground station can be finalized it is necessary
to study all available information on the design and construction of buildings that
are likely to be affected, and to survey their present structural condition. The need
for underpinning or other protection can then be assessed.

Underpinning may be used to extend the foundations of a structure to a stratum
which is either undisturbed by the construction or is only affected to a small degree.
An alternative is to enhance the characteristics of the soil using ground-treatment
methods, either beneath the building or between the building and the new
construction. With bridges in particular, it may be feasible to jack up the
superstructure to compensate for the subsiding foundations and so maintain the
correct levels and avoid settlement loads. To ensure that the jacking is carried out
safely and effectively it is necessary to monitor the settlement to ensure that the
correct uplift is given in step with the subsidence.

In addition to measurements of surface settlement a number of other parameters
are commonly measured during the course of underground works. e.g.

Subsurface settlement

Horizontal surface movement

Horizontal subsurface movement
Groundwater level and pore pressure
Ground heave in the bottom of open cuts
Strains in struts, anchors, etc.

Movement of buildings.

The monitoring programme should be designed so that it provides all necessary
information for the safe and economical construction of the works, but excessive
data collection should be avoided. For this reason, it is important to ensure that the
responsibilities and organization for the prompt analysis and evaluation of data are
well established before fieldwork commences. If this is not ensured then there will
always be the risk that crucial information may be overlooked. The objectives of
the monitoring programme must be clearly defined and the incoming data
categorized by its function, so that any information concerned with the immediate
safety and progress of the works may be separated from long-term research data
and evaluated promptly.

A well-designed programme might, for instance, include the careful monitoring
of the excavation and construction of the first station in a new system so as to
provide valuable data when deciding whether or not protective measures are
needed for structures that are adjacent to the second and subsequent stations. It
would enable the risks associated with the tunnelling methods and prevailing
ground conditions to be quantified.

Preparations for the building condition surveys should be started at an early date
because it is a time-consuming process to identify the ownership of each building,
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search for the design records and arrange access to the premises. Then,
immediately prior to construction, a detailed survey should be made which records
all defects in the buildings, so that any subsequent damage caused by tunnelling or
excavation can be correctly attributed to the construction of the station. Without a
building condition survey it may be difficult to prove that some defects existed
before the underground works were carried out.

3.5.3 Road-traffic diversions and temporary support

Cut and cover construction in a city centre is very disruptive to traffic because of
the large excavations in the roadways. With bored tunnelling there is less disorder,
but there is still a need to provide worksites and to accommodate the construction
traffic bringing plant and materials and removing spoil.

The traffic capacity of a city street depends principally on its width and the
parking regulations that are enforced along its length. Lane capacities of 1500
passenger car units (pcu’s) per hour can be expected on one-way roads with
generous dimensions and effective restriction of parked vehicles. Much lower lane
capacities are achieved with two-way roads, but the crucial factor in a network of
city roads is usually the capacity of the at-grade road junctions. These are normally
the principal elements influencing the overall capacity of the network, and it is
these very locations which are often the favoured sites for an underground railway
station. Closing a junction for the construction of a station can reduce capacity by
tens of thousands of vehicles per day, and the traffic previously using the junction
must divert to other routes avoiding the site.

The majority of road systems in large cities are carrying traffic flows close to or
even in excess of their practical capacity. It follows that any reduction in that
capacity caused by closing a length of street or a junction will have a significant and
adverse effect on the levels of congestion, and may create problems in areas that
are relatively remote from the location of the works. It is a complex problem to
determine how traffic will reroute in response to a road or junction closure and to
develop a plan of diversions which will minimize the overall disruption. The best
method requires reliable data on existing traffic flows, origin-destination patterns
and an inventory of road and junction characteristics and dimensions. This
information is then used with a computer-based model with the capability of
representing the interrelationship between traffic flow and speed over an extended
network composed of roads with differing widths and junctions with varying types
of traffic control.

Before the model can be used to study the effects of road closures it must first be
calibrated so that it can satisfactorily reproduce the existing traffic flows on the
unaffected network. An exact match between the model’s predictions and the
counted traffic cannot be expected, if only for the fact that the counts of actual
traffic are themselves subject to daily and seasonal variation. Reliable data on
origin and destination patterns are particularly important in calibrating the model
so that it can be used with confidence for testing alternative diversion plans. If a
complete set of origin-destination data is not available, some computer models
contain routines that will estimate the missing information. However, it is best to
calibrate the model with a full set of directly observed data if at all possible.

Developing the traffic-diversion programmes with the calibrated model is a
process of gradual refinement, starting with the examination of broad conceptual
plans and leading to detailed schemes. A series of schemes is needed that can be
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introduced as the construction work progresses as to minimize the disruption and to
ensure that emergency services have continuous access to all localities, including
the construction sites. They must be prepared in great detail and in full
collaboration with the highway authorities and the police, and must incorporate all
necessary signing, signalling and advance publicity and information.

Evaluation of traffic-diversion schemes is helped by the statistics on vehicle
delays and travel distances produced by the model. These data can be used in an
economic analysis of the alternative plans so that some aspects of the disruption
caused to the general traffic may be quantified and expressed in monetary terms.

One way of minimizing the interruption to traffic is to use a ‘top-down’ method
of construction for cut and cover stations. This permits most of the work to take
place under temporary decking, thereby allowing road traffic to be maintained
during most of the building period. The usual sequence is to close one half of the
roadway and install:

1. One side wall and the halves of both end walls;
2. Temporary columns; and
3. Road decking.

The process is then repeated on the other half of the roadway, with traffic running
on the recently installed decking (Figure 3.12).

When this is complete, traffic may be allowed to use the full width of decking
while the station is excavated and constructed. Finally, the decking is removed and
the void between the upper surface of the station roof and road level is backfilled
and the road is reinstated. This, too, is undertaken in stages, so that at no time is
the road totally closed to vehicular traffic.
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4.1 Introduction

Ground treatment is often part of the method of construction of cut and cover
structures and tunnels, and the aim of such treatment is to improve the strength
and/or watertightness of soil. This chapter will deal with four main methods:

1. Grouting by injection: this process allows filling in the voids in the ground (e.g.
the fissures of a rock or the intergranular voids of sandy materials).

2. Jet grouting: the process produces an in-situ soil-cement.

3. Compaction grouting: the soil is compacted by an intrusion into the ground
under the high pressure of mortar bulbs.

4. Freezing: the water contained in the soil’s voids is frozen by means of cooling
probes.

Other soil-improvement methods such as in-situ mechanical soil mixing,
vibroflotation, vertical drains, electro-osmosis and dynamic compaction are not
covered here as they have very restricted fields of application in the context of
underground rail transport projects. Procedures for reinforcing soils using steel
supports, micropiling, nailing or bored poling are not generally described under the
heading ‘Soil treatment’.

4.2 Grouting by injection

This treatment consists of drilling holes through the area to be treated and
introducing the grout under pressure through them.

4.2.1 Impregnation and ‘claquage’ (splitting)

Before describing the more usual methods and products in greater detail, it is
essential to define two fundamental concepts: impregnation and ‘claquage’.

Impregnation

Impregnation can be said to have been achieved when the fluidity of the grout and
the grouting pressures have caused the grout to penetrate into all the voids in the
ground while removing the water without, however, displacing soil or widening
existing fissures. Perfect impregnation is a complete substitution of the free water
contained in the soil by a grouting material without distortion of the soil’s structure.
When this type of result is sought, the treatment is referred to as ‘impregnation
grouting’ or ‘permeation grouting’[13]. Grouting materials capable of producing
such impregnation are described as ‘penetrating’.

‘Claquage’ (soil splitting)

When the applied grouting pressure exceeds the value of the lowest principal stress
in the ground at the point of injection, an artificial fissure is opened in a plane
perpendicular to this minimum principal stress. This phenomenon is referred to as
splitting, fracturing[13], hydrofracturing or, frequently, ‘claquage’. This term was
coined by the French specialists who first published on this subject.

In loose soils, a ‘claquage’ appears as the presence of plates, tongues or lenses of
grout material with variable spacing and thickness which follow the surfaces of least
resistance of the soil or the contact surfaces between different layers. In rock, it is
seen as a widening of existing fissures.
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When large quantities of grout are injected in the form of ‘claquage’ the fractures
created have a tendency to be horizontal and, hence, to give rise to uplifts without
any beneficial effect being obtained. In loose soils, however, controlled and limited
‘claquage’ is frequently efficient, producing a tightening and compacting effect. it is
used almost always in conjunction with impregnation grouting.

4.2.2. Drilling grout holes

Boreholes for grouting are of small diameter (40-100mm), carried out using
site-investigation or drilling rigs working in rotation or in rotopercussion. Unless
special, and hence costly, precautions are taken, drill holes for grouting are subject
to deviations which are normally of 2-3%. The risk of deviation is reduced when a
casing is used which is stiffer than a drill string and when the drill holes are vertical.
On the other hand, the risk is increased when the drill holes are horizontal or
subhorizontal and when soils are heterogeneous and/or contain boulders. These
risks place a practical limit on the length of drill holes for grouting. In urban sites,
lengths of 40 m for vertical holes and 25 m for horizontal or subhorizontal ones are
rarely exceeded. The maximum spacing between drill holes is generally within the
ranges shown in Table 4.1.

Table 4.1

Type of soil treated Soil permeability Maximum spacing
range between grout

holes (m)

Fine sands Under 107° m/s 0.8-1.3

Sands, sand and gravels 107 to 10> mv/s 1-2.0

Gravels Over 1072 m/s 2-4

Rock with fine fissures 1-20 lugeon 1-3

Rock with open fissures Over 20 lugeon 2-4

Contact grouting - 2-3

Cavity grouting - 3-10

4.2.3 Grout hole packer systems

Methods
The various existing grouting methods are best described by AFTES[1], Filliat[12]
and Cambefort[15]. The most usual are:

1. Connection to the top of grouting holes: mainly used for backfilling cavities;

2. Downward stage grouting: the safest and most efficient method in rock (Figure
4.1);

3. Upward stage grouting: this is applicable in rock only in cases where the walls of
the drill hole are stable;

4. “Tube a4 manchette’ method: this most efficient method in soil is described
below;

5. Grouting through drill rods: this has very limited application.
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Figure 4.1 Grouting methods. (A) In rock, the downward stage grouting method is the safest but
involves the cost of redrilling for each step, which are usually 1 to 3 m deep. (B) Insoil, the ‘tubes &
manchettes’ method gives the best results; it allows multi-stage grouting without the need for redrilling

‘Tube & manchette’ This method was first developed in France and is referred to in
the English-speaking world by its French name (Figure 4.1). A plastic or metal tube
of approximately 1%2in diameter is provided at intervals along its length with vents
to the outside which are equipped with non-return valves or ‘manchettes’. These
tubes are placed in a drill hole and bonded to the soil by special grout referred to as
a ‘sleeve grout’. The grouting then takes place via a double packer which allows any
given ‘manchette’ to be isolated. The grout penetrates into the soil, having first
broken through the sleeve grout.

This method has the major advantage of allowing several successive phases of
grouting at whatever level without any redrilling. From an operational standpoint,
it allows drilling and grouting works to proceed quite independently.

‘Tube a manchette’ grouting gives excellent results in loose soils. It is not,
however, applicable in rock since the confinement would prevent opening of the
‘manchettes’.

Grouting through drill rods In Japan, this type of method is used in conjunction
with chemical grouts and is referred to as LAG (limited area grouting). The
chemicals used are sodium silicate with a very fast action hardener. The very short
setting time is such that the fluid coagulates in the annular space between the drill
string and the soil before it can rise to the surface. This blockage acts as a packer
and effectively allows pressure grouting through the drill string.

Chemical grouting through the drill string requires the use of rapid-setting gels.
These gels have the major disadvantage of very limited penetrability in fine soils.
They can thus not ensure a homogeneous impregnation of the soil.
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4.2.4 Grouting materials

Grouting products are described in the literature but many are only of academic
interest. We will mention only those of practical interest. The reader will find more
detailed descriptions in AFTES’ recommendations[1].

Cement grout

Pure cement grouts are unstable except with high concentrations of cement
(cement/water ratio greater than 1.5) and, hence, with high viscosities. This
instability of fluid grouts with low cement content considerably limits their power of
penetration into cracks and intergranular voids. This is due to clogging which
results from the sedimentation of the grout during its progress through the soil. The
instability of these grouts also causes problems of pumpability. Therefore these
types of grout are of no interest for soil grouting.

Bentonite/cement grout

The bentonite (clay)/cement mixture is the universal and economical base grout for
soil treatment. It can be used to impregnate open soils with permeabilities of
10~ m/s or more and the treatment of rock with open fissures of 1 mm minimum in
width.

In fine loose soils, bentonite/cement grout is used systematically in a preliminary
and preparatory phase before the grouting of chemical products. The aim of the
preliminary phase is to fill the large voids and the open or preferential passages.
These grouts are also used to form controlled ‘claquage’ before or after chemical
grouting. The aim here is to compact the soil. Sleeve grouts used for sealing ‘tubes a
machettes’ are also bentonite/cement grouts whose composition is adapted to their
function.

Special cement-based grout
Grouts for special applications can be prepared by the addition to the
bentonite/cement grout of various products such as:

1. Inert granular material (stone dust, also known as ‘filler’): this thickens the
grout and is used for backfilling voids or large fissures.

2. Sodium silicate: this creates an acceleration in the stiffening of the grout. It is
used in very open soil or in soils where there is significant water circulation.

3. Aluminium powder or tensio-active agent which produces ‘foam grout’. This is
also used for backfilling voids.

Mineral grouts with enhanced penetrability
The penetrating power of bentonite/cement grouts can be improved by:

1. Improving the apparent viscosity obtained through the addition of a fluidizing
agent;

2. Reducing the tendency to bleed by adding dispersing or water-retaining agents
which prevent the grout from losing its water (under the effect of the grouting
pressure) into the porous surfaces encountered during grouting. The process of
bleeding, which hinders the grout’s progress, is thus reduced[3].

3. Reducing the size of the particles in the grout; this is achieved by the use of
superfine cement giving a particle size of around 10-15 pm.
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Finally, it is worth noting that in 1985 mineral grouts based on micro silica
appeared on the market with a particle size of approximately 1-5pum. These
microparticle grouts allow impregnation of soils with a permeability of 10™> m/s[6].

Silica gels

A sodium silicate solution mixed with appropriate hardeners constitutes a grout
with very low initial viscosity which hardens into a gel. For reasons of economy,
silica gels are the most widely used chemical grout product. Their use becomes
necessary when the permeability of the soil is too low to allow penetration and
impregnation by cement/bentonite grouts. They are, therefore, appropriate in soils
where the coefficient of permeability is less than 10~*m/s. As with other chemical
products, silica gels are almost invariably used in conjunction with preliminary
cement grouting.

For treatments where the principal objective is to improve impermeability, a
soft, low-concentrated gel is preferred since it has the advantage of being less costly
and provides a low initial viscosity. For consolidation grouting, a concentrated
solution producing a hard gel is selected, although it has the drawback of greater
cost and a higher initial viscosity, which makes it less penetrating.

Resins Resins are used in the relatively infrequent case where impregnation of the
soil is sought, but its permeability is too low to allow penetration by silica gels. The
most common are:

1. Acrylic resins: their initial viscosity is close to that of water (1 mPa.s). Their
mechanical strengths are, however, low and they are used essentially for
impermeability treatments. These resins can be mixed with sodium silicate or
polymers, and this results in a product with slightly higher viscosity but also with
higher strength.

2. Phenolic resins: these provide high mechanical strengths with initial viscosities
lower than that of the silica gels.

3. Polyurethane resins: these have the unique property of producing hard or soft
foam when in contact with water. They are used mostly for the filling of large
voids in which water is circulating and for the plugging of water passages.

Comparison of the materials Figure 4.2 defines the areas of application of the
products indicated above as a function of the permeability of the soils to be treated.
From the point of view of direct cost, the grouts and gels are classified as follows:

Product Cost index
Bentonite/cement grout 1tol.6
Microparticle mineral grout — semi-hard 3,5

— hard 6
Silica gel — soft 2

— semi-hard 8

— hard 12

— very hard 16
Resin - acrylic 33

— phenolic 40

Polyurethane foam 20
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Figure 4.2 Grouting products. Field of application of grouts in granular souls. (Document by AFTES
recommendations, translated and updated by the author)

The above cost indices are proportional to the direct supply cost of materials
necessary for 1m> of grout or gel and do not include the cost of mixing and
grouting. Cost index 1 is equivalent to 120 French francs on 1 January 1989. The
cost index for polyurethane is calculated on the basis of a foam having a volume
twenty times that of the original liquid resin.

4.2.5 Grouting pressure/flow rate

The grouting pressure P and the discharge of grout Q are related. When the
discharge is increased, so is the pressure. What is normally referred to as ‘grouting
pressure’ is, in fact, the pressure at the top of the borehole (sometimes with a
correction for hydrostatic head related to grouting level). This is not the same as
the actual pressure on the ground, which is impossible to measure in practice.
The two can be very different, particularly in the case of ‘tubes 2 manchettes’
grouting due to the obvious reasons of head loss in the line, the packer and the
voids or fissures in the ground. Any assessment of actual pressure of the grout at a
point in the ground by reference to the measured grouting pressure is generally
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misleading. Similarly, an attempt at an analytical assessment of the measured
grouting pressure P liable to cause ‘claquage’ is likely to be very inaccurate.

The above observations favour an experimental approach to the two parameters
P and Q. At the outset of a project a number of trials are carried out in which the
grouting discharge Q is progressively increased. A clear discontinuity in the P
versus Q curve is indicative of the grouting pressure producing ‘claquage’.

For impregnation grouting, a discharge Q will be chosen to produce a grouting
pressure P as high as possible while remaining below that experimentally shown to
produce ‘claquage’. In very fine soils, this restriction may lead to very low
discharges of around 3 /min. Open soils, such as gravel, may allow much greater
discharges of around 20 /min.

Comparison of the grouting pressures observed in different points of the soil
mass is an effective means of locating weaker zones in need of an additional phase
of grouting. This comparison is, however, only meaningful if the discharge is the
same and constant in each case.

The necessity to measure P as a function of Q reveals one of the major
drawbacks of a grouting system, much favoured by North American engineers, in
which a high-discharge pump feeds a closed-circuit grout line from which several
boreholes are supplied.

The importance of the control of P and Q has led employers and specialists to
seek improvement in the monitoring of these grouting parameters in practice. The
general trend is towards fitting grouting equipment with remote control and
transducers which, through the use of microcomputers and adequate software, lead
to the automation of the process and give a permanent record of grouting
parameters. Beside reducing the risks of human error, such systems allow a
day-to-day ‘mapping’ of the grout take and grouting pressure. This information,
complemented by other data provided during the drilling of the grout holes, makes
it possible reliably to detect weak zones requiring further phases of re-injection.

This growing sophistication is, obviously, at a cost. Experience has, however,
shown that careful monitoring while the work is being carried out is one of the most
reliable forms of quality control for ground treatment by grouting.

4.2.6 Application of grouting by injection

Statistically, soil treatment by grouting is the most appropriate method in most
cases. In any soil conditions, correctly performed grouting treatments can, after
treatment, guarantee an in-situ soil permeability of the order of 10~%m/s. This level
of permeability is generally sufficient for our applications. However, a substantial
improvement in soil cohesion can only be achieved in sandy or sandy/gravelly soils
with a low silt and clay content.

Grouting by injection is rarely efficient in soft clayey soils, peats or mud except in
the form of ‘claquage’. In this case, some degree of compacting and water expulsion
through soil tightening can occur, but no significant improvement in strength is
achieved.

4.3 Jet grouting
4.3.1 The jet grouting process

This process was developed in Japan in the 1960s and patented. The first
application in Europe was in the late 1970s.
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Figure 4.3 Jet grouting. The soil is broken up and simultaneously mixed to a cement grout by a rotating
very high-speed jet

Jet grouting, as shown in Figure 4.3, uses a thin high-velocity jet of liquid. As the
jet rotates, the soil is cut and disintegrated hydrodynamically. The soil, thus
disturbed, is mixed simultaneously with the grout. In this process, the grout does
not penetrate the soil either by impregnation or by ‘claquage’. It is simply
thoroughly mixed in situ with the water and soil particles within a cavity created by
the destructive action of the rotating jet. No grouting pressure is applied. The
objective is to obtain a cylindrical mass of soil-cement. The construction of secant
cylinders of this type enables the formation of a screen or mass treatment to be
achieved. The soil/grout/water mix produced by jet grouting has a volume greater
than that of the soil treated. Therefore the process produces a surplus of this mix
which must rise to the surface in the annular space around the drill string. This
surplus soil/cement liquid is often called ‘slime’ or ‘spoils’. It is important to
monitor the regular upward flow of these ‘spoils’ since any obstruction would lead
to an undesirable pressurizing of the treated soil which could initiate a ‘claquage’.
The surplus which reappears at the surface must be removed to a pit. This is a
major proportion of the cost of the process and can be as much as 20-30%.

The various type of jet grouting methods are:

1. Single jet: this uses a single high-velocity jet of grout and can produce a column
of 600-700mm in diameter.

2. Double jet: an annulus of compressed air is injected around the jet of grout. The
effective destructive radius of action of the jet is increased by approximately
150-200 mm compared with single jet.
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3. Triple jet: the cutting jet is pure water surrounded by an annulus of compressed
air. The injection of cement grout can be either as an annulus or as a separate
jet. The method allows the construction of columns of approximately 1-1.2m in
diameter in clayey soils with SPTs less than 8 and of 1.2-1.4m in diameter in
sandy soils with SPTs less than 80.

4.3.2 Application

Jet grouting can be used in all granular soils in which the SPT value does not exceed
8 for clayey soils and 80 for sandy ones. Firm clay is difficult to break up by the
process and, hence, tends to produce a heterogeneous treatment composed of
lumps of clay within a grout matrix. Figure 4.4 shows the limits of the process’s
application according to Dupeuble[16].

Clay Silt Sand Gravels
100 7
(%) /
/ Cement L
| Grout
| Silica gels
50

!
A Jet grouting

)
. ’/ / //

0.002 0.06 2.0 (mm ¢} 60

Figure 4.4 Application of jet grouting. This aliows the treatment of silty soils for which grouting by
injection is inefficient

The process loses its efficiency with depth. While jet grouting treatments have
been carried out down to a depth of 26 m on the Singapore metro (Figure 4.7) and
to 50 m in Japan, it is generally considered that the use of the process is not viable
below about 20m.

In soils suitable for jet grouting a considerable improvement in soil strength can
be achieved. In sands, typical strengths of 5-15MPa at 28 days are attained for a
quantity of cement of 400-800kg per theoretical cubic metre of soil treated. In
peats, compression strengths of 0.5-0.6 MPa at 28 days can be achieved using
800kg of cement per cubic metre of soil. Treatment w111 give a permeability of the
order of 1078 to 107 '°my/s at 180 days.

Jet grouting is most specifically suited to apphcatlons where a large increase in
soil strength is required: e.g.

1. Underpinning;

2. Improvement of bearing capacity;

3. Grouted bracing slab (Figure 4.12);

4. The treatment of silty soils, soft mud and other impermeable soils in which
grouting by injection would not provide a significant improvement in the
strength and where soil freezing would be a costly solution.
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The method is of less interest where only an improvement in impermeability is
required. In this case, grouting by injection produces sufficient impermeability (K
=10"°%to 10~ m/s). It is generally less costly and allows treatment to be carried out
to a greater depth.

4.4 Compaction grouting

4.4.1 Method

Compaction grouting was first used in the USA in the 1960s. It is appropriate in
loose soils and involves forcing a pumpable, very dry mortar into the soil under
high pressure. The aim is to obtain a compaction of the soil by compression
resulting from the formation of bulbs of mortar in the ground. Impregnation and
‘claquage’, as defined above, are to be avoided.

The grout material contains only 15-30% water and has a slump smaller than
50mm. Its particle size distribution must be within a fairly narrow band[18]. The
addition of cement is not always necessary. On the whole, between 5% and 10% of
the theoretical volume to be treated is usually placed as grouting material.

4.4.2 Application

In practice, compaction grouting is appropriate only when the soil is sufficiently
loose and compressible. In-situ pressuremeter tests are the most suitable method
for defining in which soils the method is applicable and for monitoring and
quantifying the improvement provided by the treatment. Generally, a soil is
considered suitable for compaction grouting if its pressuremetric limit pressure is
less than 0.5MPa. The percentage of grout take decreases as the pressuremetric
limit pressure increases. Here, Standard Penetration Tests (SPT) are not
particularly informative and correlations between SPT and pressuremeter tests
should be interpreted carefully. Nevertheless, it can be said that the method should
only be considered in sandy soils with SPTs below 1015 blows or clayey soils with
SPTs below 4-6 blows.
The effect of treatment by compaction grouting may be threefold:

1. A compaction effect due to the densifying of the in-situ soil;

2. The effect of the presence of the mortar improving the overall shear strength of
the soil. In this case, the mortar would contain cement;

3. A consolidation effect by forced drainage through the mortar, which, in this
case, should be porous.

It can be seen that the effects of compaction grouting are rather similar to
injection grouting by ‘claquage’. However, compaction grouting enables high
horizontal stresses to be applied, and such stresses are the most beneficial. In
grouting by ‘claquage’, horizontal stresses are limited due to the rapid appearance
of horizontal fractures. These produce useless vertical stresses (except in the case of
deliberate uplifting). For this reason, compaction grouting is sometimes referred to
as ‘static horizontal compaction’. Grouting by ‘claquage’, however, has the
advantage that it can be used in more compact soils.

Compaction grouting is used mainly in the following applications:
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. Underpinning of existing structures;

2. Recompression of soil immediately after the passage of a tunnelling
machine[21];

Slope stabilization;

Improvement of soil liquefaction potential under seismic load;

Improvement of bearing capacity in loose fill.

e

4.5 Ground freezing
4.5.1 Method

This consists of freezing the water contained in the soil using freezing probes sealed
in boreholes passing through the area to be treated. Freezing is achieved by
circulating within the probes either liquid nitrogen or brine produced by a
refrigeration plant. The boreholes are fitted with probes made of two coaxial steel
tubes connected by a special head, which enable the freezing liquid to circulate in
the smaller tube and to rise through the annular space between the two tubes. The
probe is thermally insulated along any length outside the treatment area.

Liquid nitrogen, which has a very low temperature (—196°C), freezes the water
more quickly than brine (—55°C). The wall of ice is usually formed in 2 or 3 days
using liquid nitrogen compared with 3 or 4 weeks using brine. Lower temperatures
can be maintained in the soil when liquid nitrogen is used, which means that higher
strengths can be achieved if necessary. Furthermore, the speed with which the ice
wall is formed also prevents the phenomenon of water migration towards the ice
under formation. This causes increases in volume of the frozen ground and can lead
to heaving.

In some fine soils, freezing can destroy the structure of the soil and reduce its
strength after thawing. The speed of formation of the ice using liquid nitrogen
considerably reduces this. Note, however, that in some countries sufficient
quantities of liquid nitrogen may not be available (e.g. the Hong Kong Mass
Transit Railway). Freezing using brine is often the cheapest solution except where
small volumes are to be treated.

A combination method, where the ice is formed with liquid nitrogen but the
freeze is maintained with brine, is sometimes the best solution from both an
economical and a technical point of view. This is particularly true in difficult soils or
when the freeze is to be maintained over a long period of time. When water is
circulating in the soil, prior treatment by grouting is necessary in order to avoid
heavy loss of cooling power.

4.5.2 Application

Freezing makes it possible to give high strength to the soil. While being a function
of soil type, this strength is essentially dependent on the temperature. Unconfirmed
compression tests on samples can give strengths of around 2MPa at —5°C and
8 MPa at —20°C. Over a relatively short period of time, the effective strength is,
however, substantially reduced by creep. This needs to be taken into account in the
design.

Due to its high cost, soil freezing is limited to applications where no other
method can provide a satisfactory result. Such applications have been further
eroded in the last decade as a result of the development of jet grouting.
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The situations in which soil freezing remains applicable are essentially as follows:

1. Colluvium or alluvium made up of blocks of coarse gravel within a silty or clayey
matrix. Grouting by injection cannot provide an improvement in strength and
the blocks prevent the jet grouting techniques from breaking up the soil;

2. Silty or clayey soils under a high water head;

3. Temporary cutoffs which could cut underground flowpaths but not produce

unwanted raising of the water table in the long term due to a damming

effect[30];

Areas which are ecologically very sensitive;

In very fine soils where the volume to be treated is small and the freeze needs to

be maintained for a short period only.

Due to its restricted field of application, soil freezing is little used compared with
other methods. Examples of its application can, however, be found on numerous
metro projects such as those in Paris, Stuttgart, Frankfurt, London, Oslo[28],
Zurich[24], Brussels[25], Barcelona and Duisbourg[30] (see also Chapter 10).

v

4.6 Working levels

4.6.1 Drilling from below the water table

Unless the ground to be treated is cohesive and has low permeability (such as
porous or slightly fissured rock), drilling from below the water table level will tend
to produce a large ingress of water and eventually of eroded soil. To avoid this
problem, the use of stuffing boxes at grout hole heads is necessary. Drilling
operations are therefore significantly complicated. Furthermore, when this
situation occurs at the tunnel face, a temporary concrete head wall is necessary.
Similar complications may also occur:

1. When drilling from the ground surface into an artesian ground layer;
2. When treating from ground surface layers of soils in which excessive losses of
compressed air are experienced.

4.6.2 Treatment from the tunnel face

Ground treatment carried out from the tunnel face is usually by successive steps.
For reasons of drilling accuracy, the length of each step is normally limited to about
20m.

Figure 4.5 shows a typical example of this kind of treatment on a section of Line
D of the Lyon subway under the Fourviéres hills. The treatment was limited to the

Half upper o 20m o 20m *!46 more 20 m steps
tunnel section | 1st step | 2nd'step 4 m thick treatment

St. Jean
station

Figure 4.5 Longitudinal section of a typical ground treatment carried from the tunnel face, by successive
20 m steps. Line D under the Fourvieres hills (Lyon Metro, 1987)



Working levels 71

upper half section of the 10m wide tunnel located in unstable soil (K = 107 to
107°m/s) under a 20m water head. The lower tunnel section located in
consolidated fine sand (K = 107 to 10~" m/s) only needed some drainage and was
excavated after completion and lining of the upper half section. Each treatment
step was carried out through an 80cm thick concrete head wall. Drilling lengths
were 23 m for a 20 m step, allowing a 3 m ground treatment plug at the end of each
step. .

Apart from the drilling difficulties described above, treatment carried out from
the tunnel face has other disadvantages:

1. Limited working space;

2. Greater difficulties of drilling horizontal or subhorizontal holes as compared to
vertical ones;

3. Stoppage of excavation during ground treatment operations, resulting in
possible standing time of either tunnelling or ground treatment resources;

4. Costly treatment as a result of the above difficulties.

Consequently, such treatment is usually carried out only when:

1. Either the depth is excessive (say, over 30m); or

2. Access at ground surface is impossible; or

3. Soil freezing is used. In this case, drilling from the tunnel face minimizes drilling
length, thus allowing better accuracy of freezing tube installation.

Some tunnel machines also have built-in grouting capabilities which allow
treatment to be carried out over a few metres ahead of the face, through the
machine front face. In practice, such arrangements can, however, only allow for
grouting of the squeeze or compaction types using either bentonite/cement grout or
quick-setting chemicals.

4.6.3 Drilling from the ground surface

Underground railway projects in urban areas are often located at relatively shallow
depths, which makes it possible to envisage a treatment from the ground surface.
When feasible, this is almost always preferred, since it avoids most of the
difficulties connected with treatment from below the water table level described
above. It also allows the ground treatment to be carried out in advance of and,
therefore, independently of the tunnelling operations.

These advantages usually more than compensate for the obvious disadvantages:

1. Careful investigation and localization of possible underground utilities;

2. Temporary restrictions to surface traffic imposed by working platforms at street
level,;

3. An extra dead drilling length through overburden.

4.6.4 Drilling from galleries and shafts

Other, less common, solutions may be adopted:

1. Drilling from an access shaft, the difficulties in this case being similar to those
encountered from the tunnel face;

2. Drilling from high-level pilot galleries, as at Auber Station - RER, Paris;

3. Drilling from an existing upper-level tunnel, as at Place Saint-Augustin - RER,
Paris.
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Table 4.2 Approximate comparative costs of ground treatments

Type of ground treatment (B/C = bentonite/cement) Price index”
per m’ of soil

A® Bc
(A) GROUTING BY INJECTION
Fissured rock, using B/C grouts only 100 270
Fissured rock, using B/C grouts with enhanced penetrability 130 330
Porous or microfissured rock, using silica gels 200 430
Open alluvials, using common B/C grouts only 230 600
Alluvials, using B/C grouts with enhanced penetrability 270 660
Fine soils, using microparticle mineral grouts 310 700
Fine soils, using silica gels and associated B/C grout 340 730
Very fine soils, using acrylic type resin 530 930
Very fine soils, using phenolic type resin 580 980
(B) JET GROUTING 6704 9004
(C) COMPACTION GROUTING 45 ©
(D) FREEZING: initial phase of ice formation 950 1500
maintenance of the ice walls (per day and per cubic metre of soil) 35 35

»

Index 100 is equivalent to 300 French francs as of 1 January 1989. Price index applies to one cubic metre of in situ soil treated.

Column A corresponds to treatments from above the groundwater table: ground surface, or nearby gallery, 3 m minimum diameter,
grout hole length not exceeding 30 m.

Column B corresponds to treatments from below the groundwater table: tunnel face, pilot tunnels, adjacent gailery or shaft, grout hole
length not exceeding 30m.

Depth not exceeding 20 m.

Unusual case.

o

n
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4.7 Costs

Table 4.2 shows costs for ground treatment in various conditions. The price indices
are taken from specialist contractors. They are estimated averages and are to be
used as such. These prices are worked out per theoretical cubic metre of soil
treated, and include mobilization, drilling, grouting, materials and energy.

Two main types of working conditions are considered:

1. Drilling carried out from a level above the water table: ground level or possible
existing high-level sizeable gallery;

2. Drilling carried out from a level below the water table: tunnel face, pilot tunnel
or adjacent gallery.

These price indices highlight some typical cost aspects of ground treatments:

1. Costs of grouting by injection are higher in soil than those in rock. The main
additional cost factors are: drilling using temporary casing, ‘tubes & manchettes’
installation, necessary multi-stage injections, higher percentage of voids to be
filled.

2. The cost of grouting by injection increases significantly when soil permeability
decreases. This is a direct result of the higher cost of more penetrating grouting
products.

3. Grouting using cement grouts with enhanced penetrability and microparticle
grouts is, in general, cheaper than using the traditional combination of
bentonite/cement grouts and silica gels. These products, which appeared on the
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European market in the mid-1980s, are tending to replace silica gels in the 107>
to 5 X 10™*m/s soil permeability range.

4. The jet-grouting price per cubic metre of soil treated is high when compared to
using combined bentonite/cement grout and silica gels. In practice, the disparity
of prices is, however, smaller, since in soil conditions where both methods are
appropriate and competitive the necessary thickness of a jet-grout treatment is
usually smaller than that of silicate grouting.

5. Freezing costs are very much time dependent. The price indices show that the
maintenance cost of the freeze during a 4-6 week period is equivalent to that of
initial ice formation. Consequently, in soil conditions where both freezing and
resin grouting are applicable, freezing may have an economical advantage only
in the case of short drives, where excavation and lining can be carried out
quickly.

6. The price index of compaction grouting is low. The improvement provided by
this method is not, however, comparable to the other above-ground treatment
methods.

7. The cost of treatment carried out from a level below the water table is 50-150%
higher than that of the same treatment from the ground surface. This results
from the difficulties described above.

4.8 Applications
4.8.1 Tunnels

Free-air tunnelling

In unstable soils, mass ground treatments often provide adequate solutions for
tunnels where the use of tunnel machines or compressed air is impracticable or
where the cost of their mobilization and installation is disproportionate to the
section length to be built. Figure 4.6 shows a typical example of such a situation.
An 800 m section of the Caracas metro under San Martin Avenue consists of a 10m
diameter tunnel at a shallow depth in heterogeneous soil. The soil is made up of
loose gravelly and silty clayey sands (permeability 107> to 10™°m/s), overlying an
uneven weathered schist substratum. Mass grouting was carried out using ‘tubes a
manchettes’ and successive phases of bentonite/cement grout and silica gel. The

systematic recording of drilling parameters facilitated the control of the treatment
in very variable layers.

Compressed air tunnelling

Compressed air tunnelling methods may require complementary localized ground
treatments:

1. At the start of a drive where a short free-air section is necessary for the
placement of an airlock;

At a section end over a few metres’ length when connecting with station walls;
Where air losses are anticipated;

Where the lack of overburden and the tunnel size do not allow the application of
appropriate air pressure.

Bl
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Figure 4.6 Treatment by grouting over a 800 m length for a 10 m diameter tunnel at a shallow depth,
using combined bentonite—cement grouts and silica gels injected through ‘tubes & manchettes’ (Caracas
metro, 1986)

Tunnel machines

When using tunnel machines, starter sections and end sections at station of
construction shaft connections usually require localized soil treatments. Ground
treatment of very loose soils prior to machine tunnelling may prove to be
economical, as was the case on the Singapore Mass Rapid Transit System (Figure
4.7). Jet grouting treatment was used in connection with two superimposed tunnels
located under Robinson Road in muds and very loose clays (SPT = 0-2). This prior
ground treatment allowed a saving in the cost of compressed air which would
otherwise have been necessary in conjunction with the tunnel machine used.

Access shaft

In adequate soil conditions, ground treatments of a cylindrical shape can allow the
sinking in free air of hand-dug shafts lines with successive cast in-situ concrete rings.
Where feasible, hand digging together with grouting may be attractive when:

1. The small diameter and the large depth of the shaft, the restrictions of the
working platform or ground obstructions render uneconomical or impractical
the use of sheetpiles, secant bored piles or diaphragm walls;

2. The thicknesses of the unstable layers are small in relation to the total shaft
depth.

Figure 4.8 shows an example of ground treatment of the above type for an access
shaft in the Hong Kong Mass Transit Railway. An interesting aspect of this
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Figure 4.7 Jet grouting prior to machine tunnelling in mud and
very loose clays (SPT = 0 to 2). (Robinson Road, Singapore
Mass Rapid Transit System, 1985)

application is the combined simultaneous use of two different grouting methods:

1. Jet grouting, well adapted to the upper soft marine deposits layers, which was
carried out first;

2. Silica gel grouting, very suitable for the lower completely decomposed granite
layers, carried out after completion of the jet grout treatment.

Surface settlement
In soil, the most simple and common form of grouting used to reduce surface
settlement is the injection of cement grout through preformed holes or valves
incorporated into the tunnel lining. This so-called ‘contact grouting’ fills gaps and
recompacts loosened soil near the lining contact. It must be carried out quickly and
as close as possible behind the tunnel face and is usual in most tunnelling methods.
Consolidation grouting or compaction grouting may be used following tunnel
excavation to recompress larger masses of destressed soil in a zone extending a few
metres above the tunnel crown. Such grouting, however, may be difficult and
disruptive to carry out from the tunnel and may be impractical from the ground
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Figure 4.8 Circular hand-dug shaft sunk under the protection of a cylindrical ground treatment. Jet
grouting is used in the upper marine deposits, while silicate grouting is carried out in the lower
completely decomposed granite. Jet grouting was carried out before silicate grouting. (Contract 402,
Island Line, Hong Kong Mass Transit Railway, 1984)

surface. An example of compaction grouting from ground surface used for this
purpose can be found on the Baltimore subway project[21]. Where soil cohesion
can be improved by grouting, ground treatment prior to tunnelling is an efficient
means of reducing surface settlement.

Figure 4.9 shows an example of this on a 40m section of the Duisburg Metro
Tunnels located at a shallow depth below an existing building in Hedwigstrasse.
Settlement was minimized using a ground-treated arch 1.2 m thick. Treatment was
carried out through horizontal grout holes drilled from the tunnel face of the
adjoining sections. Hard silica gels injected through ‘tubes 4 manchettes’ conferred
a minimum crushing strength of 2MPa to the treated alluvials. Tunnels were then
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Figure 4.9 A grouted soil arch 1.2 m thick used on a tunnel section located at a shallow depth in alluvials
below existing buildings. Hard silica gels and ‘tubes 2 manchettes’ were used. (Hedwigstrasse,
Duisburg Metro, 1988)

excavated in stages of 1m lengths which were immediately shotcreted after
excavation.

4.8.2 Cut and cover

Injected raft

Where the side walls of a cut and cover tunnel cannot be keyed into an adequate
impervious layer at a practicable depth, injected rafts may provide an economical
answer. This was the case on the Cairo Metro, where a thick layer of pervious sands
(K = 1072 to 10~ *m/s) was found below 10m in depth (Figure 4.10). A grouted
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Figure 4.10 Typical grouted raft in sands, 3 m thick, used on the Cairo Metro cut and cover tunnels and
stations, over a total length of about 4.5 km (1983-1986)
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raft, 3m thick, was used to close the box. ‘“Tubes 4 manchettes’ on a 1.6 X 1.6 m
grid were used with three successive grouting phases: (1) bentonite/cement grout;
(2) silica gel; (3) a final squeeze with ‘claquage’ by bentonite/cement grout.

The cut and cover tunnel was subdivided into 60 m cells by temporary cross walls.
The control of the treatment before bulk excavation was carried out by pumping
tests inside each cell using pumping wells and piezometers. The method was used
systematically on tunnels and stations over a total length of approximately 4500 m.

Groundwater cutoff
Linear ground treatments can be competitive for groundwater cutoffs compared
with slurry walls, diaphragm walls or sheet pile walls, particularly where:

1. The soil is hard and/or includes obstructions, thus resulting in high-cost slurry
walls and diaphragm walls, and unfeasible sheet pile walls;

2. A water cutoff extension at depth is necessary below the toe of a diaphragm wall
or sheet pile wall;

X
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Fill r ‘ % GW.L.

Marine | . Secant bored

deposit pile wall
Pumping

Alluvials [ wells

Completely
decomposed
granite

Grouted cut-off

Bed-rock

Figure 4.11 Secant-bored pile wall extended by a grouted cutoff down to the impervious bedrock,
allowing the dewatering of the box without significant drawdown of the surrounding water table. (North
Nathan Road, Hong Kong Mass Transit Railway, 1978)
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3. The layer to be sealed off is covered by a thick layer of dry or watertight
overburden.

Figure 4.11 shows an application of grouted cutoff on a North Nathan Road
station of the Hong Kong Mass Transit Railway built in 1978. On this cut and cover
section, extending the secant bored-pile side walls at depth into hard, completely
decomposed granite was not feasible. The secant-pile walls were thus extended
down to the impervious granite bedrock using a grouted cutoff. The grouting was
carried out using combined bentonite/cement grout and silica gels injected through
‘tubes a manchettes’. Pumping wells allowed dewatering of the box without a
significant drawdown of the surrounding groundwater table.

Diaphragm wall underpinning

Where the bedrock level is higher than the designed raft level it is often economical
to underpin a diaphragm wall toe instead of deepening it at great cost into hard
rock. To do this, localized ground treatment behind and beneath the diaphragm
wall toe is necessary to allow safe excavation below the toe.

Improvement of passive reaction at the toe

In very soft soils, such as muds or soft clays, the design of structural retaining walls
may be complicated due to the low available passive soil pressure at the lower part
of the walls. In this case, the calculated large inward displacement of the wall toe
during bulk excavation leads to designing walls with large inertia in conjunction
with heavy propping.

An economical solution may consist of a ground treatment which provides soil
strengthening at the inner face of the structural wall just below the designed
formation level. Figure 4.12 shows a jet grouted slab which temporarily propped
the diaphragm walls at a depth in Newton Station on the Singapore Rapid Transit
System.

PLATFORM

0.00 /

DIAPHRAGM
WALL
BUTTRESS SLAB
<1500 \
. 18.50 4
TREATMENT BY D ge W
JET GROUTING Qgﬂaﬂ

CROSS-SECTION

Figure 4.12 A jet grouted strutting slab in soft marine clays (SPT: 0-5, cohesion: 10-40 kPa, water
content: 50-~100%). This grouted slab allowed bulk excavation without toe displacement of the
instrumented diaphragm walls. (Newton Station, Singapore Mass Rapid Transit System, 1984)
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4.8.3 Underpinning

Where prior underpinning of adjoining sensitive structures is necessary, ground
treatment can provide a solution, as described by Greenwood [2].

4.9 Environmental aspects

The possible toxicity of grouting products is a primary concern with respect to the
environment. Some chemicals (i.e. acrylamids and products including heavy metal
molecules such as chrome-lignin) are now banned because of their toxicity,
although they have proved efficient from an engineering point of view.

Toxicity is not, however, the only concern regarding safety and the environment.
Products may also be irritating, noxious, corrosive, inflammable or explosive,
hence requiring protection for the workforce. A report on this subject has been
published by CIRIA[11]. The grout itself may be subject to long-term
decomposition due to soil agressivity and change in pH induced in the ground may
also be of concern. Defective workmanship is another factor when considering
pollution. The spilling of products on ground surfaces, the uncontrolled discharge
of water when cleaning grouting pumps and pipes, mixing errors resulting in
incomplete setting and uncontrolled grout losses through preferential ground paths
are all potentially harmful.

In each particular project, the pollution risks must be assessed in relation to the
sensitivity of the environment. The presence of underground water circulation, or
the proximity of groundwater pumping wells for industrial or domestic use, lakes
and rivers, are all very relevant to such a study. However, sodium silicate, the most
common type of low-viscosity chemical grout, has been extensively used in the
urban context of more than fifteen metro schemes, including those in London,
Paris, Vienna, Hong Kong, Cairo and Caracas. There have been no reports of
incidents of significant pollution or environmental damage from any of these.

Nevertheless, caution is advisable regarding temporary ground treatments where
saving on silica gel costs may lead to the use of mixes with a low reagent content or
a low-cost reagent. The cause of concern lies in the lack of stability of such gels and
their limited capacity to neutralize the soda completely. This type of gel may,
therefore, introduce into the ground a certain amount of free soda and an
unwanted basicity. When in doubt, the use of mixes with a high soda neutralization
ratio is recommended.

Resins of the acrylic, phenolic and polyurethane types are stable products after
polymerization or chemical reaction. Consequently, they are considered safe in
non-agressive soils.

The possible injection of unmixed components due to faulty workmanship
remains a hazard with almost all chemical grouts. It is, however, a relatively
controllable one. Polyurethane is an exception in this respect, since it reacts with
groundwater.

The growing general concern for the environment has led to the development of
mineral grouts with enhanced penetrability such as ultra-fine cement and
microparticle mineral grout. These are tending to replace silica gels when soil
porosity permits.

In the context of pollution, jet and compaction grouting are perfectly
satisfactory, since their potential polluting effects are limited to the well-known one
of cement. Ground treatments share with other underground works the risks of
cutting off natural underground water flows, thus creating the possibility of a ‘dam
effect” where such flows exist.
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4.10 Heave control
4.10.1 Heave monitoring

All ground treatments, with few exceptions, tend to produce heave. Systematic
heave monitoring arrangements are therefore necessary. Levelling surveys, made
at time intervals adapted to the type of ground treatment used, are adequate when
the expected heave is unlikely to result in serious consequences. When working
close to sensitive structures such as live railway lines permanent alert systems
capable of detecting any heave in excess of predetermined safe values must be
installed. Settlement gauging may consist of deep boreholes equipped with steel
bars grouted in their bases. A simpler settlement gauging system may consist of a
rotating laser beam encountering a network of photosensitive cells covering the
area treated.

4.10.2 Factors producing heave

Grouting by injection
Uncontrolled fracturing is one of the most common causes of heave, since large
grout hydrofractures (or ‘claquages’) act as jacks which, if fed with large quantities
of grout, can produce extensive heave, even using relatively low grouting pressures.
Permeation grouting without hydrofracturing can also, to a lesser extent, produce a
heave caused by a local increase in pore pressure. This is explained by the fact that
the pressure applied to the grout is, in turn, transmitted to the groundwater which
is expelled from the treated zone. Cases of systematic decreases in the measured
heave during stoppages of grouting work have been observed on large treatments
and are evidence of this. The range of heave on a very large mass treatment can be
of the order of 20—-50 mm.

When adequately monitored, heave can be controlled to a certain extent by
adjusting the grouting parameters. The parameters influencing heave during
grouting are:

1. Rate of grout flow;

2. Distance between simultaneous injection points;

3. Limitation of grout take at each successive grouting phase;
4. Total amount of grout.

A common error when heave occurs is to regard only the grouting pressure as the
cause. This often leads to a reduction of pressure limits to a point where the
impregnation and microhydrofracturing cannot take place effectively.

Jet grouting
The jet grouting process, in principle, does not require pressure to be applied to the
wall of the cavity in which the soil mixing takes place. However, the head produced
by the continuous upward flow to the surface of surplus dense soil-mix creates a
pressure significantly higher than the piezometric head. Pressurizing of the cavity
under treatment is thus unavoidable. This phenomenon, which may produce heave,
can be made worse by head losses and blockages of the upward soil-mix flow caused
by collapses of the grout hole walls.

Heave of 300-500mm was found in some locations where various jet grout
treatments were used on the Singapore Rapid Transit System (1984-1985). In order
to reduce heave produced by jet grouting, it may be necessary to pre-drill
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large-diameter cased holes at each jet-hole location to ensure the continuous
upward flow of the soil-cement mix to the surface. The use of air facilitates this
upward flow. In extreme cases, where practical, a reduction in jet column diameter
may provide a solution.

Compaction grouting

Since compaction grouting is based on in-situ soil displacement, an amount of
heave must be expected at some stage in the process. Heave monitoring is therefore
an essential part of the quality control procedure.

Freezing

As mentioned in Section 4.5.1, heave may be produced by an increase in soil
volume due to water migration towards the ice under formation. Fast freezing using
liquid nitrogen tends to reduce the extent of this.

4.11 Soil investigations
4.11.1 Preliminary investigations

This subject has been purposely placed near the end of the chapter since a review of
problems connected with the various treatment methods will lead to an
appreciation of the prime importance of adequate preliminary investigation.

It is impossible to define a standard soil-investigation programme. The extent
and type of an appropriate investigation will depend on the availability, quality and
quantity of existing soil information and the complexity of the project and of the
local geology.

A soil-investigation programme based on core sampling and in-situ and
laboratory testing should specify and confirm the characteristics of each layer:
particle size distribution, fissures, permeability, water content, compressibility and
strength. Surveys based on, for example, seismicity resistivity may sometimes
provide more global information where applicable.

A careful groundwater study is necessary, and large-scale pumping tests are often
informative regarding overall permeability. Water and piezometric levels and
possible variations are measured using a network of stand-pipes and piezometers
which must be monitored for a sufficient length of time. Chemical analysis of
groundwater samples at various depths and locations, essential for determining the
suitability of construction materials, also makes it possible to detect potential grout
unsuitability. When necessary, an assessment of possible groundwater flow and
gradient must be made, since such flows can affect or be affected by the treatment
processes (washing away of grout or freezing energy, giving a damming effect).

A detailed survey of underground utilities, tunnels and adjoining basements is an
obvious requirement when designing drilling patterns. A survey of adjoining
structures, their type of foundation, their age, possible incidents during or after
their construction and existing fissures are all elements which enable accurate
judgements to be made on possible heave effects or on the necessity of some form
of underpinning.

Close-centre investigation holes are highly recommended, specially in areas of
variable or heterogeneous layers or those containing cavities or obstructions such as
boulders.
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4.11.2 Drilling parameter recording

Recent developments in drilling parameter recording methods[32, 33] bring a
solution to the necessity of close-centre investigation. In principle, the method
consists of drilling holes using high-production rigs equipped with gauges and
transducers which allow the continuous recording of various drilling parameters
such as (Figure 4.13):

Speed;

Load on drilling tool;
Rotation speed;
Flushing fluid flow;
Percussion vibrations.

o e

The values recorded are stored in a computer memory. Immediate readout of the
measurements is available through the use of microcomputers, provided that the
correlations of soils characteristics have been previously established. The high
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Figure 4.13 Drilling parameter recording. (a) Typical diagram of drilling parameter recording on an
hydraulic drilling machine; (b) output of recorded parameter. (Borehole 2296 L, Caracas Metro, 1986)

production rate of such rigs (of the order of 100 m/shift/rig) allows a large number
of probe holes to be carried out quickly at a reduced cost with rapid results.

It would be therefore wise to test this type of destructive method of soil
investigation during the preliminary investigation stage. Where clear correlations
with cored boreholes can be established such a method will provide the possibility
of more accurate soil profiles at limited time and cost.

This type of investigation will also be very valuable during the carrying out of soil
treatments. The use of rigs equipped with drilling parameter recording capabilities
when drilling the grout holes during the grouting process provides an initial survey
of the complete treatment zone at no additional time or cost.
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Where a split-spacing grouting method is adopted, the drilling of secondary grout
holes can give significant information on the first phase of treatment and guidelines
for the second. This method was used extensively during the grouting for the
Caracas Subway.

4.12 Large-scale grouting trials

In cities such as Paris or Hong Kong, with extensive experience in ground
treatment among clients, engineers and specialist contractors, large-scale grouting
trials have become unnecessary. Such trials are, however, of great value when and
where there is little or no local experience concerning the soil layers encountered at
the location.

In the absence of such trials, the feasibility and efficiency of ground treatment
methods, assessed from results of soil investigation, may just become a subject of
unproductive disputes between experts. Furthermore, the cost of large-scale trials
can easily be justified by the magnitude of an underground railway project.

4.13 Contractual aspects

The specialization of the above techniques, their constant evolution and
sophistication, the necessity of rapid adaptation to ground variations during the
course of the works call for flexibility in contractual relations and specification plus,
at times, a climate of confidence between client and specialist. When contracts are
based on remeasurement, as is often the case, a very detailed bill of quantities,
including representative unit prices and covering a wide variety of contingent
works, will be beneficial to these relations and, consequently, to the project.

Too-rigid specifications can be a handicap to successful treatments. Contract
documents imposing, among other things, unstable cement grout instead of stable
betonite/cement grout, arbitrary low pressure limitations, closed grout circuits or
lengthy application of refusal pressures are potential causes of failure of a ground
treatment.

Unfortunately, this controversial subject is not covered by internationally
recognized documents. The recommendation for grouiing works published by the
AFTES[1] is, to date, one of the few publications covering the subject of grouting
by injection at length.

4.14 Conclusions

As we have seen, soil treatment can, in many cases, provide an economical
technical solution. The methods described should therefore not be considered as
long and expensive rescue operations. Rather they are methods of construction that
should be planned well in advance of the project as an integral part of it. The
feasibility of the different methods is hence to be studied at a very early stage with
extensive preliminary subsoil investigation and, if needed, full-scale tests.
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5.1 Introduction

Railway tracks in the open generally comprise a system of welded rails laid on cross
sleepers of either timber or concrete which, in turn, are supported by stone ballast
on a prepared formation. There are other track systems used in the open, but these
tend to be for special applications.

Track supported by ballast has formed the basis of the railway system for at least
150 years, and so there is great experience of track design, installation and
maintenance. It can be very tolerant to deficiencies in track maintenance standards
as well as to vehicles in poor running condition.

Maintenance techniques have reached a high standard of development associated
with mechanization of most of the operations. Ballasted track has been and
continues to be used successfully for underground railways and is particularly
applicable in the case of reinstatement of track in tunnels in which the route had
been previously closed.

However, there are many reasons why traditional ballasted track is not always
the best choice for an underground railway. Its greatest diasadvantage is the
considerable construction depth required under the rail foot. This, in turn, controls
the size of the tunnel bore and hence tunnelling and spoil-removal costs.

Track construction depth, and hence tunnel bore size, can both be reduced
significantly by replacing the ballast by a structural slab, which in some cases can
also incorporate the sleepers. Rails are attached to the slab via an elastic support
system. The support systems vary in form, depending on the configuration of the
tunnel invert and traffic type.

A feature of most track systems is the need to incline the rail seat areas such that
each rail is inclined inwards towards the track centreline. The amount of this incline
depends on the vehicle tyre profile, but is typically 1in 20. On curves, the complete
track is rotated such that the outer rail is raised with respect to the inner.

For both ballasted and non-ballasted track special measures may be required to
reduce noise in tunnels and ground-borne vibrations transmitted into adjacent
buildings. This can considerably complicate the track structure and require the use
of significantly greater tunnel bores.

In view of the above, track type can have a very significant influence on the
design of an underground railway system, especially the size and form of the
tunnel. Therefore, it is important that the design of the track should be finalized at
a fairly early stage of the railway design procedure.

However, there can be specific cases in which tunnel design and size can be
dictated by local conditions, and hence track design would need to be specifically
configured to suit these particular cases.

5.2 Ballasted track

The design principles of ballasted track in tunnels are generally based on those for
tracks in the open air. However, a significant difference is that the ballast can be
laid on a rigid concrete invert rather than a built-up granular formation. There are
exceptions when track in the open is constructed on a rock formation. In this latter
case design constraints can be similar for both open-air and tunnel tracks.

Either timber or concrete sleepers may be used, but concrete sleepers are
generally preferred, especially if there is either a suitable precast concrete factory



90  Track for underground railways

in the neighbourhood or good-quality timber is not easily available. Concrete
sleepers may be either prestressed concrete monobloc construction or reinforced
concrete twin-block.

In the case of concrete sleepers, rails may be clipped directly to the sleeper using
an elastic fastening with a resilient pad interposed between the rail foot and sleeper
rail seat. Alternatively, metallic baseplates may be bolted onto the sleepers and the
rail, in turn, be clipped or clamped to the baseplate. With timber sleepers,
baseplates are normally installed, especially if softwood sleepers are used. It is,
however, possible to have direct-fastening systems similar to those used for
concrete sleepers.

In general, it is preferable to have a flat surface to the invert which is also parallel
to the axis of the sleepers, onto which ballast is laid. In small-diameter tunnels the
width of the invert may be such that it is necessary to use comparatively short
sleepers, as standard length sleepers could foul the curved portion of the tunnel
lining.

This implies that, generally, ballasted track is not necessarily compatible with
circular-bore tunnels unless the bore diameter is significantly increased. Hence
rectangular section tunnels are more compatible with ballasted track, and the track
can be designed and constructed to standards similar to those used in the open air
with the same track components. Rectangular section tunnel inverts are flat, apart
from the necessity of providing falls to drains and so give a good formation onto
which to lay ballast.

Track should be designed such that mechanized maintenance procedures may be
used, and normally this requires the provision of a minimum of 200 mm of ballast
under the sleeper. At least 250 mm should be provided if concrete sleepers are used
on a concrete invert, otherwise attrition of the ballast will occur between these two
hard surfaces.

Long welded rails are well suited to underground railways due to the reasonably
stable air temperatures in tunnels compared with the open air. The possibility of
track buckling is virtualy eliminated and small-radius curves may be used safely.
However, it is essential that the temperature at which rails are clipped down is
specified so that high-compression rail forces are avoided.

Care must be taken that rails are electrically isolated from one another for
signalling purposes and that both rails are insulated from earth if DC traction
operation is used. This latter requirement is to reduce the risk of reinforcement
corrosion in the tunnel structure or corrosion of metallic pipes carrying services.

5.3 Non-ballasted track

Non-ballasted track is a system in which track ballast is replaced by a rigid
structural support, usually made of concrete and often forming part of the tunnel
invert. Ballast elasticity is normally simulated by elastomeric pads inserted between
the underside of the rail foot and the support system.

This type of track has been used in both the open air and in tunnels, but is
especially suited to tunnel application. It has been employed since the earliest days
of underground railways, and a notable example of early use of non-ballasted track
is in the tube lines of London Underground Ltd.

Tracks without ballast have been the subject of much study and development,
and today many proven systems are available. However, there is considerable



Non-ballasted track 91

variation in complexity and costs of such tracks, and this is especially so in the case
of the rail-fastening system.

A major objective of this development has been to design a track structure whose
construction depth between the underside of the rail foot and the tunnel invert is
significantly less than an equivalent design of ballasted track. Further objectives
have been concerned with the ease and rate of construction within tunnel confines
as well as reducing to a minimum the need to maintain track level and alignment.

There are essentially three types of ballastless track in use:

1. A concrete slab or longitudinal plinth bonded to the tunnel invert. The rails are
fastened to the slab using either resiliently mounted baseplates or some form of
attachments which hold the rails directly onto the slab. A resilient pad is
interposed between the underside of the rail foot and the slab. The slabs or
plinths may be precast outside the tunnel and then bonded to the tunnel invert.
Alternatively, the slabs may be cast in situ (Figures 5.1 and 5.2).

2. The use of an in-situ formed concrete slab into which either precast concrete
sleepers or blocks are incorporated. These sleepers may either be rigidly cast
into the base slab or have some resilient materials between the sleepers and the
slab. Rails can be fastened directly to these cast-in sleepers using traditional
fastenings. Alternatively, baseplate systems can be used.

3. Precast or in-situ concrete slabs or beams which are resiliently supported on the
tunnel invert. Rail fastenings may be similar to the systems used for the other
types of track. This track is normally restricted in use to areas which may be
affected by vibrations transmitted through the ground. (Applications of the
system are dealt with later.)

5.3.1 Rigid slabs directly coupled to the tunnel invert

For most applications an in-situ reinforced concrete track slab is cast directly
against the tunnel invert. Shear connectors should project from the invert into the
concrete slab to ensure that relative movement cannot occur between the slab and
the invert. Such movement may cause localized attrition of the contact surfaces. An

Insulator

Continuous
resilient pad

Fastening
shoulder

Tunnel invert

Figure 5.1 Continuous-rail support system
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Figure 5.2 A typical baseplate

alternative application is to use precast concrete base units set on the invert with
bitumen emulsion cement or cement grout.

The rail-fastening system supporting the rail on the track slab is normally
designed to give track-stiffness properties similar to those which would be expected
from well-maintained ballasted track. This normally means a rail head deflection of
between 1 mm and 2 mm under the most frequently occurring axle loads. However,
it is important that the system is capable of carrying the heaviest expected axle load
without damage.

Baseplates in cast iron or steel are inserted between the rail foot and the slab and
normally carry two resilient pads, one underneath the baseplate, the other under
the rail foot. The primary resilience may be provided by either one or both of these
two pads (Figure 5.2).

Baseplates are located on the track slab by two or more bolts which are either
glued into holes in the slab or cast directly into the top surface of the slab. These
bolts pass through the holes in the baseplates and provide a positive lateral and
longitudinal location of the baseplates with respect to the slab. They also
accommodate the vertical movement due to wheel loading. In order to prevent
fretting between the bolts and the baseplate due to this movement the baseplate
holes are lined with nylon or other polymeric ferrules.

Baseplates are held down onto the track by screwing down nuts on the anchor
bolts. Resilient washers or helical springs are usually inserted between the nuts and
the baseplates. This spring permits a degree of controlled vertical movement
without the baseplates losing contact with the baseplate pads.

The nylon ferrules can be made with the bolt holes eccentric with respect to the
ferrule axis such that rotating the bush in the baseplate hole moves the baseplate
laterally with respect to the slab. This movement can provide a degree of gauge or
alignment adjustment. Rails are fastened to the baseplates by one of the commonly
available elastic rail clips similar to those used on ballasted track.
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For most applications there is a requirement that the rail be electrically insulated
from the slab. With baseplates the insulation can be in two stages, i.e. between the
rail foot and baseplate and between baseplate and slab.

In the former, insulation is achieved by use of a resilient pad (which is made of
insulating material) under the rail foot and an insulator between the rail fastening
and the rail foot. In the latter an insulating pad and the nylon ferrule can provide
adequate electrical insulation.

As an alternative to the use of baseplates, the rails may be fastened directly to
the track slab with only a resilient pad between the underside of the rail foot and
the slab. This pad may provide either continuous support to the rail or may be in
discrete lengths located at the rail-fastening positions. In both cases a standard
elastic rail fastening is used with the shank of the fastening body glued into the base
slab.

Electrical resistance of the rail to earth is provided by a combination of the
resilient pad and an insulator between the fastening and the rail foot.

5.3.2 Sleepers cast into track base slab

As an alternative to producing a slab and then adding independent fastenings,
sleepers may be cast directly into the track base slab. These can be manufactured
outside the tunnel and supplied to site with a complete rail-fastening system. A
major advantage of this encasing process is that the sleepers provide a positive and
accurate fixing of the track gauge as well as fixing the inward tilt of the rails. The
level of the in-situ concrete need not be accurately controlled and there is no need
to drill holes in the base slab.

For normal applications timber, monobloc concrete and twin-block sleepers may
be used. However, with timber sleepers problems can arise due to long-term
shrinkage of the timber, causing the sleepers to work loose in the concrete.

Monobloc sleepers may be of either prestressed or reinforced concrete. The
strength of the sleeper need only be designed to cater for handling up to the point
of encasement. After having been cast in, the sleeper is intended to behave
integrally with the in-situ concrete.

A very important feature of cast-in sleepers is the need to ensure that they are
firmly bonded into the base concrete to make a structurally integrated system. To
achieve this, reinforcement is left protruding from the sleepers, and this
reinforcement is incorporated into the in-situ concrete. Also hoop reinforcement
should be provided around the sleepers.

Additionally, it can be worth providing an exposed aggregate finish to the sleeper
surfaces which are to be embedded. The in-situ concrete will bond well to these
surfaces. Concrete twin block sleepers should be dealt with in a similar way and, in
addition, the tie bar linking the blocks can be cast in.

An alternative to casting sleepers rigidly into the base slab is to provide a resilient
layer between the precast sleeper and the in-situ concrete. This is dealt with in more
detail in a later part of this chapter.

It is important to provide adequate resilience between the rail foot and the
sleepers, and a resilient rail seat pad at least 10mm thick may be required.
Alternatively, baseplates similar to those described for rigid slab bases may be
mounted on sleepers prior to casting in. Comments regarding electrical insulation
apply equally to embedded sleepers.
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5.4 Resiliently mounted tracks for vibration isolation

A major problem with underground railways in urban areas can be the transmission
of ground-borne vibrations, due to wheel-to-rail contact, into adjacent buildings.
This can be especially acute when railways pass close to flats, concert halls or
theatres, when the rumble from trains becomes obtrusive. This rumble arises from
vibrations travelling through the ground and exciting various components in a
building structure, and these structural vibrations can radiate sound. There is
generally no problem from noise generated in a railway tunnel being heard in
adjacent buildings apart from when building basements are close to the running
tunnels.

One of the best ways of controlling the generation of ground-borne vibrations is
to ensure that the train wheels are smooth, concentric with respect to the axles and
do not have defects such as wheel flats (Figure 5.3). Similarly, the track should be
smooth and without corrugations or discrete irregularities such as dipped welds or
joints. However, no railway system is perfect, and some or all of the defects may be
present.

Other features of the track can contribute to the generation of ground-borne
vibrations, but experience has shown that one of the best ways of controlling
transmission of these vibrations is to provide adequate elasticity to the support of
the track system.

An increase in track support resilience reduces vibration generation by several
processes, but probably the more important ones are that dynamic wheel-to-rail
contact forces are reduced, as is the basic natural frequency of the vehicle’s
unsprung mass when coupled to the track spring. This reduction in natural
frequency ensures that attenuation of ground -borne vibrations occurs at
frequencies above 2 multiplied by the system’s natural frequency.

Therefore an increase in track mass and a reduction in its support stiffness
reduces the system’s natural frequency and hence the generation of ground-borne

Figure 5.3 A wheel flat
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vibrations above certain frequencies. This track mass may be augmented by
increasing the mass of the track components which are situated above the track
spring. The resiliently mounted components of the track mass can be considered as
being coupled to the effective unsprung mass of the vehicle.

For most practical applications, the vehicle’s unsprung mass per axle plus the
spring-supported track mass associated with this axle and supported on the track’s
resilient support system may be considered as a one degree of freedom mass-spring
system. This assumption is normally adequate for calculating the system’s natural
frequency, i.e.

1 K
fo = 2n M

and the frequency above which ground-borne vibrations will be reduced:

1 K

W2)n\|M

=

where K is the track support stiffness and M is the vehicle’s unsprung mass plus the
coupled sprung track mass.

5.4.1 Vibration isolation of ballasted track

It has been demonstrated above that a decrease in the track stiffness and an
increase in the track mass which is resiliently supported could reduce the frequency
above which attenuation of ground-borne vibrations occurs. In the case of ballasted
track this can be accomplished in four ways:

1. Supporting the complete ballasted track on reinforced concrete trays which, in
turn, are resiliently carried with respect to the tunnel invert by rubber spring
blocks;

Providing a resilient mat between the ballast and the invert;

Installing resilient pads to the underside of the sleepers such that the sleepers
and rails are resiliently supported;

4. Using very resilient pads between the rail and sleepers.

we

5.4.2 Ballasted track in resiliently supported concrete trays

A system which effectively provides a standard ballasted track system but has
excellent vibration attenuation characteristics is one in which the ballasted track is
carried on resiliently mounted trays. These trays are of prestressed concrete and
are supported on the tunnel invert by rubber springs. In view of the large track
mass comprising sleepers, rails, ballast and concrete trays, it is possible to produce
a system having a comparatively low natural frequency and hence is able to
attenuate ground-borne vibrations down to low frequencies.

The use of ballasted track means that noise levels in the tunnels can be
reasonable and standard track components may be used. However, the depth
required for trays and rubber springs means that construction depth below the rail
foot is significantly greater than for just ballasted track. Hence the cost of the
tunnel is greater and the cost of trays and springs has to be added.
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5.4.3 Resilently mounted track — ballast mats

Ballast mats are made of resilient materials which are installed between the
underside of the ballast and the top surface of the tunnel invert. They can be
manufactured from a range of materials, but, to be successful, should be capable of
providing rail head vertical deflections of at least 3mm when loaded by axle loads
which are typical for the route. The environmental conditions between ballast and
invert are severe and specially designed and manufactured mats are required.

Sharp pieces of ballast can penetrate the surface of the mat and ‘short circuit’ the
resilient support. Hence either the mat must be intrinsically tough or the resilient
layer should be protected by a tough facing material on the top of the mat. The
invert surface should be smooth to ensure good bedding down of the mat.
However, because of the large area of mat which supports the ballast, nominal
contact pressures between the mat and the ballast are comparatively small.

In some tunnels the invert surface is always wet because it can perform a primary
function of directing water into the drains. Under these conditions ballast mats can
be permanently saturated. Also, any spillage of oil or chemicals is likely to find its
way through the ballast onto the mats. It is essential therefore that the dynamic
behaviour of the mats should not be affected by these conditions. Additionally,
they should not be degraded physically.

Good attenuation of ground-borne vibrations can be achieved because the
effective mass which is carried on the resilience provided by the mats is large. In
this case the mass of the ballast can be added to the sleeper and rail mass to give the
effective total track mass. An additional advantage of ballast mats is that they
protect the invert and ballast from attrition between the ballast and invert, and in
some cases it is possible to reduce the ballast depth as a consequence. A major
disadvantage of ballast mats is that they can be comparatively expensive due to the
need to cover the large area of the invert. Another arises because the mats are
buried under the ballast. It is therefore very difficult to inspect the mats without
digging out panels of ballast down to the mats. This can be difficult to arrange in an
intensively operated railway system.

If it is found to be necessary to change ballast mats because either they have not
been properly matched to the dynamic environment or they have been physically
degraded it will be necessary to lift out the rails and sleepers and remove the
ballast. The ballast mats can then be changed and the track restored. Due to the
comparatively large movements of 3 mm which take place in the ballast, the track
may require some months before it settles down. Meanwhile, some fettling of level
may be required.

5.4.4 Resiliently mounted ballasted track — soffit pads

Soffit pads are installed on the underside of sleepers and can either cover the whole
or part of the underside of timber or concrete sleepers. Pads are available for
monobloc or twin-block sleepers.

Soffit pads have the advantage that they reduce track support stiffness without
significantly changing other track properties. Normally the pads provide an elastic
deflection at the rail head of between 2mm and 3 mm when loaded by the standard
traffic of the route, but greater deflections may be provided if the track is adjacent
to sensitive buildings.

Generally, vibration insulation by soffit pads is not quite as good as that provided
by ballast mats because the resiliently supported mass does not include the ballast.
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The main difference is that lower frequencies are not attenuated to the same degree
as with ballast mats, but at higher frequencies the attenuation is very similar.

Installation is straightforward. Soffit pads can be attached to the sleepers outside
the tunnel and the rails and sleepers installed as either standard track panels or as
individually placed components. The environment under sleepers is hostile and the
pads are loaded to significantly higher contact pressures by the ballast than in the
case of ballast mats. The water and chemical environment is not so severe because
most liquids will drain through the ballast. Because of high contact pressures, very
tough facing material is required to prevent indentation and penetration of the
resilient material by the ballast stones. However, soffit pads reduce hard contact
between sleeper and ballast, and in the case of concrete sleepers can reduce
attrition between ballast and sleepers. Therefore probably ballast depth will be
reduced. Track experience indicates a possible reduction in the frequency of
track-maintenance cycles compared with standard concrete sleeper track. If it is
necessary to change soffit pads this can be done without disturbing the ballast, and
so is a more straightforward operation than is the case for ballast mats.

It is conceivable that both soffit pads and ballast mats may be used in
environmentally sensitive areas, but care must be taken to investigate the extra
degree of freedom which the additional resilient layer introduces.

5.4.5 Resiliently mounted ballasted track — resilience under rail foot

Another method which can give a reduction in track stiffness is to introduce
low-stiffness resilient pads directly under the rail foot. The pads are significantly
softer than would be required for normal train operation. However, these softer
pads are not generally as effective as ballast mats or soffit pads in reducing
ground-borne vibrations because only the rail mass may be considered to be
coupled to the vehicle’s unsprung mass.

There is also a practical limit to the acceptable live load deflection of the pad,
partly because there are limits to the deflection of the pad to give it long life and
partly because large deflections can cause problems with the rail-fastening system.
These problems can be fretting between metallic components and fatigue of the
fastenings.

In some instances the lateral movement of the rail head can become excessive
due to lateral wheel-to-rail forces, especially on curved track. Baseplates on
sleepers can be used to improve track resilience without some of the objections
listed for rail seat pads. In this case a standard rail seat pad can be used between the
rail foot and the baseplate, while a thicker and more resilient pad can be installed
between the baseplate and the sleeper. Increased resilience under the rail foot
absorbs high-frequency impact forces from wheel flats but has little effect on the
transmission of low-frequency ground-borne vibrations.

5.4.6 Non-ballasted track — floating slabs

The floating slab is the non-ballasted equivalent of ballasted track on resiliently
mounted trays or ballast mats. Floating slabs usually comprise prestressed concrete
slabs supported on the tunnel invert by either discrete rubber springs or on resilient
mats. In the latter, grout is used under the slabs to ensure uniform bedding of the
resilient mat to the invert and the slab. Slabs can vary in length from 5m down to
one or two sleeper pitches. Rail fastening to the slab is similar to the systems used
on the standard rigidly supported slabs.
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Floating slabs can also be cast in-situ directly onto a resilient mat, and one
consequence is that longer slabs may be used than for precast slabs. With floating
slabs, attenuation can be good down to comparatively low frequencies because of
the large coupled masses comprising the slab plus the vehicle’s unsprung mass on
the supporting springs. However, care needs to be taken to avoid resonant
conditions which can be generated by the vehicle in the slabs and can give rise to a
signifiant increase in noise levels which can be radiated from the surface of the
slabs.

Floating slab systems are expensive because the slab construction depth is
generally greater than is required for rigidly supported slabs. Provision has also to
be made for the rubber springs.

5.4.7 Non-ballasted track - resiliently mounted blocks

An intermediate stage in effective vibration isolation compared to the floating slab
system is to mount monobloc or twin-block sleepers resiliently onto a rigid track
slab base. Alternatively, individual resiliently mounted blocks under each rail may
be used. To provide this resilience, a flexible rubber or rubber-bonded cork pad is
attached to the underside of the block or sleeper either by being glued or placed in
a rubber boot which envelops the lower part of the sleeper (Figure 5.4). The track
is assembled with rails attached to the sleepers and is positioned for line and level.
Pockets are provided in the track slab into which the sleepers are positioned. The
sleepers are then grouted into the pockets.

Tie bar
Grout-filled pocket

Rubber slipper

Concrete slab Resilient pad

Figure 5.4 A resiliently mounted twin-block sleeper

An alternative system is to use a pourable elastomeric compound which either
incorporates the resilient pad or can be used in place of the pad (Figure 5.5).
Resiliently mounted block track normally has baseplates for rail attachment to the
blocks.

Track deflections of between 1 mm and 2mm may be achieved, but vibration
isolation is not normally as good as can be obtained by the floating slab track,
especially at lower frequencies. Costs are generally less than for floating slab track,
especially if standard sleepers are used. Construction depth can be slightly less.

5.4.8 Non-ballasted track — resiliently mounted rails

The limitations regarding the degree of resilience which is practical using standard
baseplates have been given previously for the case of ballasted track. Generally,
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Figure 5.5 A resiliently mounted concrete block

similar limitations apply when baseplates are used on rigidly mounted slabs. There
have been some attempts to overcome these limitations, and one of the more
successful designs has been the ‘Cologne Egg’ (Figure 5.6). In this case the rail is
fastened to a baseplate which is supported on a lower plate by a rubber block acting
in shear. Although the rubber block is comparatively flexible in shear, it is very stiff
in compression. This high compressive stiffness of the rubber gives high lateral
stiffness to the rail support. Hence it is possible to obtain a comparatively large
vertical deflection of the rail while having an acceptably low lateral deflection.

Rail fastening

Rubber block

Lower baseplate

Rubber block

Upper baseplate

Figure 5.6 A ‘Cologne Egg’
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5.5 Switches and crossings in tunnels

Most of the above comments relating to plain line apply equally well to the
installation of switches and crossings. However, it is very important, especially in
environmentally sensitive areas, to ensure that any impact loading due to wheels
traversing the crossing nose is kept to a minimum. This may be accomplished by
good design of the crossing area using a manganese steel casting for the crossing.
An alternative is to have a swing nose crossing which ensures continuous support to
the wheel when on the crossing.

All methods of track support may be used, including those relating to vibration
isolation. However, in the case of the more resilient systems care must be taken to
ensure that large deflections do not interfere with the normal operation of the
switches and detector gear or overstress the running rails.

5.6 Summary of advantages and disadvantages of track types

5.6.1 Ballasted track

Advantages

1. It is possible to restore line and level to the track using either simple hand tools
or tamping and lining machines.

2. The ballast bed can provide a degree of acoustic absorption to reduce the noise
in tunnels which emanates from wheel-to-rail contact.

3. Damaged or worn components may be easily renewed.

4. A range of proven techniques is available for reducing transmission of
ground-borne vibrations.

5. Ballasted track is compatible with most vehicles.

Disadvantages

1. A track construction depth under the rail to the invert of at least 400 mm is
required.

2. It is more compatible with rectangular section tunnels than with circular bores.

3. Drainage can be complicated, especially in wet tunnels. This can become a
problem if the ballast becomes choked with slurry.

4. Track possessions are required for maintenance of track line and level.
Considerable skill is required to keep the absolute position of the track correct.
This is important where clearances between trains and tunnel walls are small.

5. Large quantities of ballast need carrying into the tunnel. It can be difficult to lift
and carry out contaminated ballast.

6. Derailments can cause considerable damage to sleepers, especially if prestressed
monobloc or reinforced twin-block concrete sleepers are used (Figure 5.7).
Ballast needs to be up to the top surface of the sleepers to provide a degree of
protection against derailed wheels. It may be necessary to use derailment-
constraining devices.

7. Ballast does not provide a controlled resilience to the track structure because
ballasted track tends to stiffen with respect to time and traffic loading. Tamping
will generally restore some of the original resilience.

8. Considerable expense can be incurred if anti-vibration systems have to be
incorporated.

9. Anindependent walkway may be required for detraining passengers in the event
of an emergency.
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Figure 5.7 Derailment damage to a concrete sleeper

5.6.2 Non-ballasted track
Advantages

1.
2.
3.

A construction depth shallower than required for ballasted track may be
attained. Hence smaller-sized tunnels are feasible.

Routine track maintenance can be reduced significantly, especially mainte-
nance of rail level and alignment.

Transmission of ground-borne vibrations into adjacent buildings may be
controlled by the incorporation of resilient material between rail foot and the
tunnel invert.

Drainage inside the tunnel is reasonably straightforward and should require
little maintenance.

. Controlled support is given to the rail which should reduce the incidence of rail

fractures.
Forms of non-ballasted track are available to suit all tunnel types and cross
sections.

. Derailment damage to the track can be minimized by suitable designs.

Slab design can provide a good walkway in the event of having to detrain
passengers between stations.
Hard flat surfaces are easy to clean by train-mounted track cleaners.

10. The relative position between running track and electrical conductors is easy to
maintain.

Disadvantages

1. Most non-ballasted track systems tend to be noisier than the equivalent
ballasted track. This is because concrete is acoustically ‘hard’ compared to
ballast.

2. Carrying and handling large quantities of wet concrete in tunnels can cause

logistic problems during construction.
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3. Great care is required in setting out and constructing the trackwork because
subsequent adjustment may not always be feasible.

4. Reinforcement in the concrete track support system requires protection against

earth leakage currents with DC traction.

Basic track costs are generally greater than for equivalent ballasted track.

Expensive and complex track systems may be required if high standards of

isolation against ground-borne vibration are a necessity.

oW

5.7 Alternative systems to steel wheels on steel rails

Although steel wheels on steel rails form the majority of underground railway
systems, there is one principal and two potential alternative contending systems.
The main contender uses rubber-tyred vehicles on a track system which provides
both support and steering guidance. Surface rapid transport systems have also been
developed in which the vehicles have been suspended magnetically. There are also
monorail systems. However, neither of these two systems have yet been developed
for underground application.

Both the rubber-tyred and magnetic levitation systems have been developed to
produce a quieter operating system than steel wheel on steel rail, as well as
reducing ground-borne vibrations. However, good modern orthodox track and
vehicles can achieve satisfactory levels of quietness.

Steeper track gradients and increased train acceleration and braking are also
possible with the alternative systems, but these increases cannot be achieved in
practice because of the increased power requirement and the effect on passenger
comfort and safety.

5.7.1 Tracks for rubber-tyred vehicles

A range of different vehicle types has been developed for rubber-tyred applications
and these vary from full-sized bogie vehicles similar to normal metro cars (RAPT)
down to small four-wheeled cars at Lille, which are operated fully automatically.
Track design for this range is basically similar, with either steel running rails or
longitudinal concrete beams to carry the rubber tyres. Support for these running
rails can be provided either by cross sleepers in ballast or by concrete sleepers cast
into base slabs. Steering guidance is normally provided by horizontal rubber-tyred
wheels which bear on lateral guidance rails.

In the case of RAPT track (Figure 5.8) standard flat-bottom rails are fastened
inside the rubber-tyre running rails. The flat-bottom rails provide two functions.

Lateral guidance rail
Rubber tyre running rail

Emergency and switchrail
Figure 5.8 A rubber-tyred system (RATP, Paris)
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First, in the event of a tyre puncture, a standard type of flanged wheel will come
into contact with the rail and provide support for the train to continue its journey.
Second, switches and crossings in the rail provide a switching function when the
standard rail rises with respect to the running rail such that support is transferred to
the standard rail. The train then operates as a standard-wheel vehicle through the
switch and crossing.

Switching of the Lille system is achieved by additional horizontal rollers centrally
located under the car which engage in a central switching rail, while in the Sapporo
system both guidance and switching is accomplished from a central rail.

5.7.2 Monorail tracks

There are basically two types of monorail, those in which the vehicle body is
suspended from a single beam and those in which it sits astride or straddles a
single-spine beam. This beam is usually elevated. In modern monorails, the main
spine beam is made in reinforced or prestressed concrete, while the carrying and
lateral guidance wheels have rubber tyres. The principles of carrying and guidance
are similar to some of the more orthodox rubber-tyred vehicles. Switching is
normally accomplished by the flexing of a steel beam which replaces the concrete
spine beam. Due to the relatively unobtrusive nature of the slim single-spine beam,
monorails are especially suited to areas where aesthetics are important. Monorails
have not so far been used underground.

5.7.3 Tracks for magnetically levitated vehicles

The principle of magnetic levitation has been applied to several types of trains,
ranging from the 355km/h West German Transrapid system down to the 45km/h
Maglev system at Birmingham Airport.

There are basically two types of support possible for the vehicle, magnetic
attraction and repulsion. However, the most significant work has been done with
the former.

In magnetic attraction, DC electromagnets are carried on the underside of the
vehicle and these are attracted to laminated steel plates on the supporting structure
(Figure 5.9). This magnetic attraction provides the support to the vehicle as well as
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Figure 5.9
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its suspension. However, this system is basically unstable, and it is necessary to
have a control system for the electromagnets to keep a constant air gap of 15 mm
between the electromagnets’ pole pieces and the laminated plates. The same
magnets provide lateral guidance.

Because there is no friction between the vehicle and track; traction and braking
forces are generated by a linear induction motor carried by the vehicle and reacting
along the track against an aluminium and steel reaction plate. Emergency braking
is achieved by dropping the vehicle onto skid pads on the track. The vehicle has
pads which engage with the skid plates. The same skid plates come into use in the
event of a power or vehicle system failure.

High-dimensional track standards are required to ensure that the vehicle
magnets do not normally make contact with the laminated plates. The track must
also cope with the vehicle dropping onto the skid plates when both stationary and
moving.
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The design and construction of underground railways in cut and cover embraces a
wide and varied range of foundation engineering techniques[1-3]. Fundamental to
the art of foundation engineering is the need for the experience and understanding
of three main areas of expertise — structural design, soil mechanics and construction
methods[3,4]. Design cannot be separated from construction[5,6]. For urban sites
cut and cover methods in vertically retained excavation are used almost exclusively
(in contrast to construction in open cut with self-supporting slopes). The successful
design and construction of such structures, particularly in constricted urban
conditions, can present some of the greatest challenges to the civil engineer. Cut
and cover construction is frequently used to commence or connect sections of bored
tunnelling or where shallow depth or layout does not suit the latter. Where surface
space is not critical, cut and cover (as opposed to permanent open cut) is still
sometimes adopted — for example, to satisfy environmental or stability
requirements[7]. While direct costs are major factors in the selection of
construction methods, the effects of disruption from surface works can be dominant
considerations, leading to a preference for bored tunnelling, particularly in urban
environments[8]. The challenges presented to the designer are usually compound-
ed by the need to address and incorporate a wide range of input from other
disciplines. While typical design interfaces are listed, this chapter concentrates on
reinforced concrete design in the context of its interrelationship with soil/structure
interaction and construction methods.

6.1 Form and layout
6.1.1 General

The form and layout of reinforced concrete cut and cover structures associated with
underground railways vary considerably. However, in conjunction with functional
requirements, ease of construction is important. Simplicity of form and layout
should be sought wherever practicable. Complicated shapes or voided sections,
which ostensibly offer cost savings by minimizing materials, may not be economic
in practice. They can be onerous to construct with consequential effects on
programme and cost. Their presence may also create or exacerbate stress
concentrations leading to serviceability or durability problems. Underground
structures should be robust and require minimal maintenance.

Another major consideration of form and layout is the compatibility with
different types and sequence of adjacent construction. Significant changes in cross
section, foundation type or ground conditions require special consideration.
Construction of adjacent or connecting sections at different times, particularly with
regard to excavation and backfilling sequences, may also create incompatible
settlements. It is not unusual to have various forms of cut and cover structures
juxtaposed (Figure 6.1). For example, major variations in cross section are typical
between stations and running tunnels. In all cases the time-dependent effects of
ground movements during both the temporary and permanent conditions will need
to be assessed.

6.1.2 Stations

The location and layout of stations are principal aspects of underground
railways[9]. These two factors are influenced by operational requirements and
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Figure 6.1 Variation in construction methods. 1 Original ground level; 2 temporary portal; 3 cantilever
retaining walls; 4 box section in open excavation with self-supporting slopes; 5 box section in vertically
retained excavation (e.g. with diaphragm walls); 6 open section; 7 cut and cover construction; 8 bored

tunnels

constraints to the alignment of the running tunnels. It is desirable to make the
depth of construction as shallow as possible[10]. This helps to minimize ground
movements, time and cost of construction and the length of user access to and from
street level. Shallow depth is also conveniently compatible with operational
requirements, since less traction energy is expended and therefore heat generated
with stations located between the tops of vertical curves. Trains approaching the
station thus decelerate upgrade and conversely accelerate downgrade on leaving.
Such a vertical alignment also facilitates maximum use of bored tunnelling in urban
conditions. See also Chapters 2 and 3.

The designer will need to identify interfaces and incorporate input from them
(see Section 6.7.2). Early in the design development, primary considerations are
depth, spans, ground conditions and methods of construction. The last includes the
nature of construction of adjacent works. The layout of the running tunnels, in
particular, influences the general cross section. Twin-bored tunnels, immediately
adjacent to a station, are usually associated with centre platforms. Layout with side
or stacked platforms typically involves continuation with cut and cover tunnels.
Typical arrangements of cross-sectional layout are illustrated in Figure 6.2. Deep
and complex station construction is involved for those at intersections serving more
than one line.

6.1.3 Running tunnels

The layout of cut and cover running tunnels is governed by the spatial relationship
of individual tracks and the need to incorporate facilities such as crossovers and
turnouts. Consequently, the reinforced concrete design and construction takes
many varieties from simple boxes to large multi-span structures.

Portal frames

Portal frames may be constructed in battered excavation with strip footings or in
retained cut using embedded walls. They are generally adopted for large spans (i.e.
for two or more adjacent tracks) and where the trackbed formation provides
adequate support without a structural base slab. Foundation design aspects for both



Form and layout 109

E=

3 e
Figure 6.2 Typical cross-sectional layouts of stations. 1 Side platforms/shallow cut and cover; 2 side
platforms/deep cut and cover; 3 centre platforms/deep cut and cover; 4 stacked platforms/deep cut and
cover

the structure and the trackbed are discussed in Section 6.4. For strip foundations it
is often desirable to limit the outward projection of the heel. This limitation must
respect the requirements of allowable bearing pressure and settlements, but will
help to reduce excavation and backfill quantities. Tapered walls assist in this
process by reducing bending moments at the base (Figures 6.3 and 6.4). This
structural arrangement, however, does add some complexity to the formwork,
particularly with varying internal heights and spans and construction to small-radius
curves.

t IS
3

Figure 6.3 Portal frame construction. 1 Wall drainage (connected to trackbed drainage system); 2
trackbed; 3 sub-base; 4 tapered side walls; 5 temporary cut slope
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Figure 6.4 Terminal loop cut and cover tunnels, Channel Tunnel, UK. (Note secant pile walls in the left
foreground and tapered intermediate wall)
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Box structures

Box structures are the most common form of cut and cover construction. The use of
embedded walls for the permanent structure, as will be noted in Section 6.2.2, is
becoming increasingly adopted for construction in vertically retained excavation.
The soil/structure interaction relevant to such construction methods tends to create
quite different design and detailing requirements compared to boxes formed
completely with formwork (Figure 6.5). The differences are most marked when the
base slab is suspended between embedded walls rather than being ground bearing.
Suspended base slabs may be adopted in conjunction with permanent systems of
peripheral support. The foundation conditions that determine their adoption are
discussed in Section 6.5.3. Box structures with ground-bearing slabs may also be
formed with embedded walls but are more generally constructed in battered
excavation or utilizing temporary support such as sheet piling.
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Figure 6.5 Cut and cover box structures. (a) Sloped excavation — walls formed with formwork. 1
Temporary cut slope; 2 outstand (may be used to increase resistance to flotation). (b) Vertically retained
excavation — permanent embedded walls (formed from surface before main excavation). 3 Lining; 4 base
slab (suspended if void incorporated); 5 void (optional); 6 contiguous piles (alternatives: diaphragm
walls or secant piles); 7 original ground level

In battered excavation, boxes are more stable to construct than portal frames.
The base slab of a box provides more restraint for the walls to cantilever than the
strip footings of a portal frame. This factor may be exploited to allow early
backfilling to the sides of a box prior to completion of the roof slab. The box form is
also more robust in the permanent condition, being far less susceptible to sway
effects. However, a principal consideration for box structures is stability against
flotation. This applies both during construction and to the permanent condition.
The resistance to uplift is potentially critical prior to completion of backfill above
the top slab — particularly if construction is delayed at this stage. The dead loading
of the box is then a minimum but groundwater levels could still be high. This is
normally overcome by provision of appropriate drainage measures during
construction. Drainage to the sides of the permanent structure is also generally
desirable, but maintaining the factor of safety against flotation in the permanent
condition by drainage is not recommended. An onerous reliance would then be
imposed on the continuing effectiveness of the drainage system. Inspection and
maintenance of the system are then vital requirements. It is preferable to
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incorporate more positive methods of control. Tension piles may be used where it is
not practicable or economic to increase the direct dead weight of the structure. The
factor of safety against flotation should not be less than 1.1[11]. This lower bound
factor should only be used where the maximum possible groundwater level can be
established accurately and be based on the minimum dead weight of the permanent
structure. The assessment should allow for possible removal of the trackbed and
reduction of other imposed loads such as depth of backfill.

Cut and cover tunnels may also create a barrier to existing groundwater flow.
This will include the potential effects on adjacent structures as well as uplift on the
tunnel.

Where two forms of box structure interconnect, consideration of the
compatibility of founding conditions will be necessary, as highlighted above in
Section 6.1.1. Figure 6.6 illustrates a possible structural arrangement to overcome
the potential discontinuity in foundation stiffness.

9 8

Figure 6.6 Different forms of abutting box construction. 1 Roof slab; 2 construction joint (must be made
fully continuous); 3 void; 4 blinding; S possible reduction in wall embedment adjacent to change in
construction; 6 ground-bearing base slab; 7 suspended base slab; 8 sloped excavation; 9 vertically
retained excavation — embedded walls; 10 base slab

6.1.4 Ventilation shafts

The requirements for the design and construction of cut and cover ventilation shafts
are similar to those for stations and tunnels. With cut and cover stations the
associated ventilation shafts are simply incorporated into the overall scheme (see
Chapters 2 and 22). The situation is somewhat different for shafts connected to
bored tunnels. However, the requirements are still analogous to those associated
with deep excavations for cut and cover tunnels particularly when the s