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ABSTRACT

This paper contains a discussion of the designgs®tr tunnels. The design for safe tunnels
is presented in the perspective of an overall perdmce of the tunnel system during the
lifetime of the structure. The paper gives refeeetw the recent developments in European
research projects as well as the application oftbthods in practice.

1 INTRODUCTION

Tunnels are increasingly important parts of theastiructure. In the mountainous regions, the
tunnels create short-cuts for railways and roadghat a higher traffic capacity is achieved
and the car and train users can enjoy a shortermamd comfortable travel. Tunnels are also
used as alternatives to bridges for connectionssaovaterway: straits, rivers, canals etc. with
the advantage that the tunnels do not influencestife traffic and that the traffic is protected
from weather impact. More and more, tunnels aredud@&ectly or indirectly for
environmental reasons: In built-up areas undergtduemsport facilities relieve the pressure
on the surface infrastructure or the surface itfuature can be replaced by underground
arteries. This creates an improved urban envirohmém densely populated areas
underground transport facilities can be the only teaestablish the necessary mobility. In the
countryside there is an increasing resistance wsvaew roads and railways. The natural
landscape is treasured, and the only way to createtraffic connections without changing
the landscape is to establish underground traffics|

The efficient construction of tunnels and the depeient of the modern construction
methods also contribute to the feasibility of tusne

So with the already significant part of the road amd metro transport taking place under
ground and the prospect of a further increase enftiture, one of the demands for tunnel
professionals from traffic users and society inegahis to create high quality underground
facilities. This includes not least undergroundlifaes with a sufficient high safety level. If
we should fail to have acceptable undergrounditrafflutions it may be difficult to reach the
aims of mobility and environment.

The theme of this Symposium is Safe and Reliablen&ls and the Symposium is part of the
inauguration of the Committee of Safety in Undeua Facilities, so we can show the
society that we take the challenge of creating saf@els and underground structures very
seriously. In the following the design methods whten be used as part of our endeavours to
create optimal safe and reliable tunnels are dssalis
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2 DESIGN FOR SAFETY

Traffic accidents are the most significant causeacdidental fatalities. About half of all
accidental fatalities (corresponding to 2% of atlfities) are caused by traffic accidents (all
types of traffic). This is for road traffic addingp to about 150000 fatalities per year in
Europe and makes traffic safety an important satigtoblem. In spite of these frightening
numbers it must be added that traffic safety isiaparalleled success story. For road traffic
the fatalities per billion vehicle-km has halvedegy15 years since the start of motorisation.
Since the traffic is increasing, the total numbkfatalities is not reducing with the same pace
and we will also in the foreseeable future haveyrhausand fatalities in traffic.

In fact, fatalities in tunnels are only a ratherrgmaal part of these fatalities, so the
contribution from the improved standards in thentls for the traffic safety in general will be
quite modest. Furthermore, if the general safetgllef a tunnel (measured in fatalities per
vehicle-km) is compared to a similar open sectibappears often that the safety is better in
the tunnel than outside.

So why do we actually care about the safety inélsgth

One side of the answer may be that this is whaegoand the tunnel users expect from us: it
is clear that repeated accidents like the onesantNBlanc, Gotthard, EuroTunnel etc will not
be tolerated by the society and will seriously dgenehe reputation and acceptance of tunnels
and thereby influence the possibilities for develept of mobility and economy in Europe.

Another side of the answer is that tunnels are resgging structures where we, the
professionals, are expected to take responsibititya design which gives the users a
reasonable safety. If we compare with the struttigaign, it is also a fact that the number of
people killed by structural collapse is quite mddesill an entire profession of structural
engineers is occupied with creating sufficient safm the structures. Compared to the
structural safety, the determination of operaticsaiety in tunnels has not reached the same
level of maturity. The profession still need toale@onsensus on methods to determine safety
and acceptance criteria.

Safety in tunnels is here mainly understood astygdde the users against various accidents.
Also consequences to the structure and to the wulings are taken into account. Some
accidents in tunnels are similar in frequency andsequences to a similar section of the
infrastructure in the open; however for some evéhés consequences can be much more
severe in tunnels. These events are particularyeced with the hazards of fire, explosion
and flooding.

Different approaches for safety design are disaussthe following.

2.1 Prescriptive approach

Traditionally fire safety standards for tunnels anlder structures have been prescriptive; they
have contained minimum requirements, which musfutidled. These requirements have
been established during years based on experidgnadition, and engineering/expert
judgement. The standards can be prescriptive derdiit levels from specifying directly
certain measures to specifying goals and methods

2 Second International Symposium, Lausanne 2006



Safe & Reliable Tunnels. Innovative European Achiegnts

The advantage of a prescriptive standard is thigt not complicated to use and it ensures a
minimum level of equipment which it ensures in thanels. On the other hand prescriptive
standards may not be applicable to unusual sittgi@nd may in some cases not be able to
take into account the interaction between diffenqgants of the tunnel structure, installations
and the local conditions.

For some parts of the underground facility it ishdfcial that the standards give direct
requirements for the measures. The users of theetuwill have little chance to get
acquainted with the safety equipment and it will ibgossible for them to realise the
difference in design in the various tunnels. Therethe equipment with user interface should
be as far as possible standardised. This is aepre®ot the case: various tunnels have —
depending on national regulation, local traditimgation, type of structure, etc. — different
safety concepts and safety equipment which expedtraquire different actions from the
users in case of an emergency. This makes alsoeaaeducation of the users difficult.

It may be a point of concern that prescriptive gliles with a high safety standard may
specify expensive equipment in tunnels where tiexery little use for it, or where the cost
benefit ratio is very unfavourable. For this reagonst guidelines distinguish between
different tunnel types and classes depending ortrdféic, length etc. The result of this is
then, that tunnels do not have the same equipraedtthe tunnel user may not know what
kind of equipment is available or what the safeigeept is.

In fact the prescriptive guidelines have appareitien developed in order to create a
compromise between a standardised level of equipraed a homogeneous safety level
(within the jurisdiction of each guideline). Thiasnow for road tunnels been supplemented
with the EU directive for minimum requirements.

2.2 Performance-based approach

In recent years, the performance based approacfobad application for design for safety
and for other design issues. By application of genbince concepts, safety is achieved based
on a scientific appreciation of the phenomena efuhwanted events, of the effects of the
events and of the reaction, behaviour of people Etgphasis is often given to the safety of
life, and the structural safety but also other cidye can be pursued with performance based
design.

By a performance-based approach, the regulatonyiresgents are given on a more general
level specifying the safety of the users, economwatues, etc. The objectives and the
associated acceptance criteria used in a perfoendased approach need to be clearly
defined and established to the particular desigleunonsideration.

2.3 Risk analyses

In the design for safety the risk analysis is asertal part. Risk analyses can be carried out
with different purposes and with different method#towever, with the analogy of the
structural design, which was introduced abovefidleanalyses can be compared to the static
analysis of a structure. Without risk analyses tias to base the decisions entirely on
experience and judgement. If we again make referémd¢he structural design, risk analyses
compare so to say to the static analyses, i.ddbis for an engineering approach to safety.
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Risk analyses of road, rail and metro tunnels Hmeme a widespread practise in the recent
years and progress in establishment of methodsassolciated data has been achieved. The
results of the European research projects like DBRHIT; UPTUN and SAFE-T as well as
the European Directive have further contributethts development.

3 DESIGN FOR FUNCTIONALITY

Design for safety is of course not the one and aelyign requirement. The purpose of the
road, rail or metro tunnels and other undergrouadiifies is to meet the functional
requirements. Improvement for the creation of fagpacity of tunnels, little disruption due to
maintenance, easy operation etc, is of main confmrll types of tunnels. Some safety
measures are influencing these objectives. For pkanow speed limits, long distances
between the vehicles or even controlled accedsettunnels may benefit the safety but it also
significantly reduces the capacity. Hereby the nmirpose of the tunnel is in conflict with
the objective of safety. Also other safety measumesy cause problems for the basic
functionality of the tunnel and for its operatiomdait is clear that a well-balanced
compromise will have to be found between the flumatiity and safety of tunnels.

For metro systems and railway tunnels, the avditglof the tunnels and the regularity of the
traffic are particularly important. The safety lmese tunnels is ensured by a high standard of
preventive measures and a communication and cosystém, which mitigates accidents. In
the future a similar system could be possible adrtunnels, so that a communication system
between the vehicles and the control room can pteagcidents and by communication from
vehicle to vehicle cab prevent the developmentoidents into large consequences.

Cooperation between industries (tunnel industry, teehnology, railway industry, control
systems etc) will be necessary to reach highersgoaafety and functionality of the tunnels.
The European research projects, SAFE TUNNEL hasldped systems in this direction. The
system enables onboard prognostics for detectiaxisfing or imminent faults and it sends
this information to a Control Centre, which canedke necessary action. Furthermore, with
the newly developed system emergency messagessammhated from the Control Centre
directly to the onboard human machine interfacéherndash board in the vehicle.

4 DESIGN FOR ECONOMY

It is also clear that the design has also to db fuitding reasonable solutions with regards to
costs. We might have the chance to design tunnéls an extremely high standard of
equipment, ample dimensions, control of all velsakc. But by doing so the costs of the
tunnels would be high and this might result in fewuennels to be built, and hereby the
benefits with respect to environment and mobilityud not be achieved.

On the contrary, it is required to use innovatiod angineering skill to find better and more
cost-efficient solutions for establishing and opeatunnels.

As we have seen tunnel safety is a problem whichasig@rofessionals have to take very
serious, on the other hand we must also searclsdtutions which are reasonably cost
efficient. In order to determine which measure eost efficient, it is necessary to use a
holistic approach which is taking into account dasired and undesired sides of the design
and operation of tunnels. In the holistic approaeiety and economy are of course two very
important aspects. Since some cost occurs at thEreation and installation phase and other
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costs and consequences occur during operatiors itecessary to use a life cycle cost
approach in order to find the overall best solwifor design and for other decisions.

5 DESIGN FOR DURABILITY

As part of the life cycle approach the durabilitydahe maintenance costs will have to be
considered. Few years ago design for durability avéargely experienced based science and
it was difficult to document whether the 80 to }@@&r required lifetime stated in many codes
actually were achieved. In recent years a moreneeging approach has developed. The
research DURACRETE and DARTS developed the proinalbidsed models and particularly
extended the models for tunnel structures and ffexzte of maintenance and repair. The
tunnel specific conditions (environment, chloridedaCQ-loading, moisture, temperature)
have been quantified, and it is now possible tagaehe tunnels and the durability measures
for the specific purpose. Hereby the durabilityigescan be achieved on a performance-
based approach.

The term of durability is linked to the extent ddtdrioration and its effects over service life.
Therefore the prediction of deterioration progresseer service life plays a key role, when
optimising a structure with regard to durabilityeterioration mechanisms to be considered
are for example chloride and carbonation inducemdlosmn, frost attack, acid attack and a
number of other effects.

One of the major objectives of the reliability bdservice life design are the prevention of
reinforcement corrosion, with focus on corrosior doi chloride ingress and carbonation, and
the design for watertightness (avoidance of leakafi¢he cracked and uncracked concrete.
The risk of accumulation of chlorides by evapomtiffects on the air-exposed face of
tunnels, which are exposed to salt containing wétarexample from the inside from de-
icing salt, salt contained in the air and from ¢theside from seawater) is of major importance
for the durability and an understanding of the naeitms and quantification of the influence
of different measures are now available. The modehloride accumulation was until few
years ago controversial and discussed by leadingrete and durability experts; this aspect
has now largely been clarified.

This process of finding the optimal set of measueegiires that the undesired event must be
compared with costs and other aspects of the decigilso aesthetic can be part of the
durability consideration since some deterioratianaging processes may influence the
structural capacity less than the appearance. Metled selection of the measures also
includes an evaluation of appearance, costs, stalctapacity etc. The aim is to find an

economic optimum linked to the relevant limit stagking investment, prevention and

intervention measures into account. The desighebiverall best solution takes into account
the durability aspects together with the safetyeaty functional requirements etc.

6 DESIGN FOR ENVIROMENT

As mentioned in the introduction tunnels can beardgd as environment measures in
themselves: by means of tunnels the urban and alatmvironment can be preserved or
improved. In spite of this also tunnels need talbsigned and operated with environment in
mind, and for larger projects evaluation of theissmvmental impact has become common and
is in most cases legally required.
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In order to assess the environmental effects afglstructures and to optimise designs, it is
necessary to compare the different design solutants aspects. Environmental aspects of
tunnels, related to the impact on nature and heafh numerous, for example: pollution of
air, soil, ground- and surface water; ecotoxicatafieffects; wildlife; noise; vibrations;
consumption of resources (land, energy, water, nadgestc).

These impacts will have a range of effects on therenment. Some are reversible and some
are irreversible. Some are local and some are mayar global. Furthermore, they will occur
at different stages of the life of the tunnel sashduring production of building materials,
tunnel construction, exploitation, maintenance deaholition, etc.

Traditionally, environmental studies have tendedé¢overy much descriptive. However, in
order to in integral part of the process the ddferimpacts and effects will have to be
guantified, prioritised and weighed in a lifetimergpective. For some environmental impacts
(e.g. air pollution, C® emissions and ground pollutions) model are avkslafr
guantification and weighting, for other impacts ralsdwill have to be developed. The aim is
to have a quantifiable environmental impact, wHadtilitates an integration of environmental
issues and gives an adequate weight to these pisble

7 OPTIMAL DESIGN

The basic formula for integrated design takes mtoount all disadvantages and benefits.
Disadvantages may be related to for example castgiruand installation costs and unwanted
events resulting in personal damage (safety agpeasss related to repair and maintenance
and environmental damage as described above. FEbrdssign option all relevant aspects
must be accounted for. The optimal design is tegpect not only performance based it is
performance based in many dimensions and for pseseand occurrences which take place at
different points of time.

The concepts, which are used in the DARTS andialsPTUN to facilitate rational decision
making and optimisation, are:

1. Life cycle approach, and

2. Transformation of all effects into comparable measu

The life cycle approach will have to project altdte events and scale them into present
values. Apart from the technical values this reggiithe important decision of a discounting
rate.

The transformation of the effects into comparabéasures will require an evaluation of the
effects relative to each other. This can conveflyem¢ done by transformation into a cost
scale, but this transformation may be controvefsiatome effects.

With the two above mentioned transformations treadivantages/costs and benefits can be
compared and with an identification of all relevalaisign or decision options the optimum
solution can be found.

Due to legal requirements etc. it might be possthk the range of allowed decisions is
limited and the optimum may be located in the dlegrea. The legal requirements should of
course be respected, but in this case it shouldig®issed why the optimum can not be
achieved. It might be a question of different ajpgtes and preferences of the decision maker
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and of the law-makes, - or it may indicate that ldgal requirements are over-conservative.
For more explanation and discussion of the metlumges reference see [7] and [8].

8 INNOVATIVE SOLUTIONS

In order to achieve progress in the tunnel indystlso with respect to the design objectives
discussed above, we professionals will have tornm®vative. We will not only have to
compare all available solutions and design optamd find the best solution among those, we
will have to invent new solutions which better lwp to the existing or new demands.

The innovations can include both hardware and so#wnew materials, new equipment, new
approaches for design and operation, etc.

Whereas in the thematic network FIT the existindutsmns have been identified and
evaluated UPTUN, DARTS and SAFE T and SAFE TUNNEIs keveloped and evaluated
innovative solutions. With the framework discussdabve the innovative solutions can be
assessed in terms of overall performance and olittyma

Examples of innovative solutions could be:

* Prevention of accidents and fire and mitigatiohef consequences by electronic
communication between vehicle and operation centre

* Prevention of development and spread of fires bgmaef water mist systems and other
measures

» Improved reaction to critical situation by the amhtentre by more extensive and semi
automatic monitoring

* Improved reaction of the users / passengers bgrbatitmmunication between control centre /
train crew and users

* Prevention of structural damage to the tunnelséw concrete materials

* Improved understanding of the actual critical gl behaviour during fire

8.1 Example
An example may be mentioned for the explanatiothefvalue of innovation:

For construction of a TBM bored tunnel with segraérining it is necessary to have
reinforcement due to the high forces on the segsnéuating construction. Many codes and
standards require a certain maximum temperatutbeofeinforcement during a fire, which
makes a large cover or even fire protection necgssa

For durability it is of benefit to have a very dersncrete, which on the other hand does not
have favourable characteristics during fire and reydifficult in production. Vice versa a
porous concrete with less spalling problems wouéleh significant disadvantages for
corrosion of the reinforcement and for durabilitygeneral.

One solution could be to design the segment agaorsbsion by using stainless steel, coated
steel and/or reinforcement with cathotic protectadd then design the concrete material
consequently against the fire damage. This solutiag, however, be complicated and costly.
Furthermore there might be remaining durability jpeens and the protection of the
reinforcement from the high temperatures will didl required.

Another solution, which has been applied for a ddtenel in Copenhagen recently, could be
to design the concrete segments without reinforognidne segments can be designed against
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the loads of the construction phase and the laadisei permanent situation by replacing the
reinforcement by steel fibres. The problems withllepy during fire can be mitigated by

admixture of polypropylene fibres. An optimised igaeswith this approach can give a

solution, which at the same time is durable, fatesand cost efficient.

9 CONCLUSION

An overall optimum tunnel design will have to respa number of criteria. Not only will the
tunnel have to fulfil demanding requirements foe tiise, the operation, and function in
general, it is also required that the tunnels aspecting environmental requirements, are
durable with little maintenance, can be built apeérated with reasonable costs. Furthermore,
the tunnels and underground structures will haveetdesigned for safety so that:

e Users can continue to travel safer per kilometrnnels compared to sections on the outside mietwo

e Tunnels can gain the reputation of a safe patietiansportation network

e Underground facilities can be publicly accepted.

In order to achieve the best possible solutionghecreation and operation of tunnels the

decisions related to the design and operation dhmllbased on a well-structured and

transparent methodology. With the results of tleemé European research projects the tools
are now available for this optimisation of the prs€. These methods are now being used in
the practical design of tunnels and undergrounditfas. A consequent use of such methods

will result in tunnels, which are well balanced hitespect to costs, environmental impact,

safety, durability and other specified aims.
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