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Abstract

The aim of this paper is to propose a method for the evaluation of tunnel safety using probabilistic risk assessment. The framework
includes three criteria; personal-, societal- and economic risk. The use of personal and societal risk is becoming more and more widespread.
There are however, still some difficulties in using the economic risk criterion. As a first step towards economic risk optimisation, the cost
effectiveness of addition and removal of safety measures in tunnels is investigated. Finally, the application of the three proposed criteria is
further discussed for some tunnelling projects currently underway in the Netherlands.
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1. Introduction

Some large accidents in tunnels in recent years, such as
the fires in the Mont Blanc, Gotthard and Tauern tunnels,
have led to an increasing attention for the subject of tunnel
safety. Many countries have announced additional invest-
ments in existing tunnels and the initiation of extensive
studies to improve the knowledge on tunnel safety.
However, absolute safety does not exist, and the possibility
of a serious tunnel accident can never be completely
excluded. Safety criteria have been suggested for individual
tunnel projects, see for example [1-3]. And although some
general target safety levels are proposed [4], no commonly
applicable framework is available to support safety discus-
sions. This problem is reflected in the complicated decision
making processes in many large tunnelling projects. Key
points in these safety discussions are the determination of an
acceptable risk level on one hand, and the amount of
investments in and the effectiveness of the risk reduction
measures, needed to achieve this level, on the other. Safety
thereby becomes a highly political issue. Because studies in
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other fields have shown that the actual investments in safety
do not always result in a minimisation of risk [5], it is
essential that we first investigate the cost effectiveness of
safety measures in tunnels.

Aim of this paper is to set up a framework for the
evaluation of the safety level of tunnels. Three criteria are
discussed that can be used to achieve a clear definition of an
acceptable risk level. They include the personal risk,
societal risk and finally the economic risk as a result of
tunnel accidents.

There is some experience in the field of evaluating
personal- and societal risks. Although there is substantial
experience throughout Europe in the economic assessment
of prevention of accidental fatalities (see e.g. [6]), the
experience in assessing tunnel risks from an economic
point of view is limited [7]. Some issues justify a specific
analysis of investments in tunnel safety, as the considered
measures will have different characteristics than the
measures applied in road safety. The investments in tunnel
safety concern relatively higher costs (e.g. of ventilation,
sprinkler installations) and they are often related to the
prevention or mitigation of accidents with small prob-
abilities and large consequences, such as fires and
explosions.

As a first step a method to analyse the cost effectiveness
of individual safety measures for tunnels is described.
Eventually, this will clear the way for a complete economic
optimisation of risks related to tunnels.


http://www.elsevier.com/locate/ress

218 B.J. Arends et al. / Reliability Engineering and System Safety 90 (2005) 217-228

Firstly, the theory of the probabilistic risk assessment of
tunnel safety is discussed in Section 2. Section 3 focuses on
the presentation of the consequences of tunnel accidents in
financial terms. The current constraints with applying the
traditional framework of economic risk optimisation to
the evaluation of tunnel safety are discussed in Section 4.
In the same section, a method is discussed to investigate the
cost effectiveness of safety measures. Some of the aspects
that are brought forward are illustrated with results from
practical case studies in Section 5. Finally, Section 6
contains the conclusions of this study.

2. Probabilistic approach of safety

There are several methods in use to evaluate the safety
level of a tunnel. The ones most commonly used are the
deterministic and the probabilistic approach. A determinis-
tic (or scenario) analysis focuses on one or a few design
scenarios and their development from the normal situation
into a large-scale accident. The effectiveness of safety
measures can then be investigated on the basis of their
influence on the development of these scenarios. Further-
more, deterministic criteria can be proposed for the
functioning of several elements, for example for the
capacity of emergency exits, or the performance of
emergency services. Although deterministic analyses
focus on the effects and consequences of an accident, the
notion of probability is often implicitly accounted for in the
selection of design scenarios.

However, to compare the safety level of various tunnels
and for the investigation of the cost effectiveness of safety
measures, the risks can be best investigated using
probabilistic risk analysis. The probabilistic analysis, or
the quantitative risk analysis (QRA), is based on an
inventory of all possible accident scenarios. A so-called
event tree is made from all events that can occur during the
use of the tunnel Fig. 1. This event tree includes, besides the
normal situation, also every disturbance in the tunnel and its

Fire
breakdown
No fire
Only Material Fire
accident Mamage (UMS)
No fire
; : Fire
normal situation Injury accident
I No fire
no accident

Fig. 1. Simplified example of the start of an event tree used in a QRA.

possible consequences. Consequences are normally
expressed in fatalities and injuries, but can also include
economic damage (e.g. to the tunnel and vehicles, or traffic
delay). When both the probability and the consequences are
assigned to every branch of the event tree, one is able to
present the risk level of a tunnel as the sum of all
probabilities times their consequences. While risk itself is
dimensionless, the risk level is presented in the dimension of
the consequences (e.g. the number of fatalities or injuries, or
in financial terms). If the costs of measures to reduce the
probability or consequences of an accident are known, an
implicit or explicit optimisation can lead to a decision on the
level of protection and consequently to accepted level of
risk. Note that the deterministic and probabilistic
approaches are complementary as the deterministic analysis
focuses on one of the scenarios investigated in the
probabilistic analysis.

A set of rules is presented to judge the risk level in
general, using three criteria: personal-, societal-, and
economic risk. The first criterion is considered with the
personal level of risk. When the personal risks are
considered acceptable the aggregated level of risk on a
national or local scale could still be considered unaccep-
table. Therefore a societal risk criterion is needed. Finally,
(aspects of) the problem the acceptable level of risk can be
formulated as an economic decision problem. The three
criteria (further discussed below) must all be investigated
and presented during the design of a tunnel. The most
stringent of the three criteria should be used as the minimum
risk level per unit time for the tunnel. A further discussion
and justification of this set of rules is given in [8,9].

2.1. Personal acceptable risk level

The first criterion is concerned with the personal level of
risk. Although many, slightly different definitions are in use
for the personal or individual risk, they are all concerned
with the probability for the individual of losing one’s life. In
the case of a tunnel two types of parties at risk can be
distinguished. Internal parties are persons who are at risk in
the tunnel; the users for road tunnels, the passengers and
employees for railway tunnels. External parties are the
persons living in the vicinity of a tunnel. Since all these
parties will have different relations with, and various
attitudes towards the hazards resulting from the presence
of the tunnel, different risk levels can be considered
acceptable for them. A criterion for the acceptable
individual risk (IR) is proposed in [8], which takes into
account the degree to which the activity is voluntary, and the
benefit perceived.

IR <610 *(yr ") 1)

Where: (-policy factor, varies according to the degree to
which participation in the activity is voluntary and with the
perceived benefit.
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Table 1
Proposed @ values for different parties involved in tunnel safety

Party B8 Individual risk
r™h
Internal Employees (rail) 1 1074
Internal Passenger or user 0.1 107°
External Persons living near ~ 0.01 10°°
the tunnel

Table 1 gives some suggestions for § values for the
parties involved in tunnel safety. Although the § values
proposed in [8] are derived from statistics on accidents, we
note that the choice of the value of policy factor is
subjective. Therefore, agreement on the appropriate level of
6 has to be achieved in the decision making process. The
risk limits in Table 1 correspond to those used for the
judgement of the risks of the transport and storage of
hazardous materials in the Netherlands.

2.2. Social acceptable risk level

The second criterion is the social acceptable risk, which
takes into account the social adversity of large-scale
accidents, especially when they involve high amounts of
casualties. Societal risk is often represented graphically in
the form of a FN-curve. This curve displays the probability
of exceedance of a certain number of fatalities, on a double
logarithmic scale. An important aspect in the societal
judgment of hazardous activities are the ‘small probabilities
large consequences’ accidents (or in short: ‘splc-acci-
dents’). An FN-curve gives a clear representation of the
probability of this kind of accident.

Also, the expected value of the number of fatalities
(E(N)) is often used, which equals the surface under the FN
curve. However, the expected value is generally very low
for ‘splc-accidents’ and therefore the expected value does
not seem to be a good risk measure for this type of accidents.
Though, the standard deviation of the number of fatalities is
relatively high, for this type of accidents. Therefore, the so-
called characteristic value (CV) is proposed as a suitable
measure for societal risk [8]. This value includes not only
the Expected Value of the number of fatalities, but also its
standard deviation, which is multiplied by a risk aversion
factor k. The height of k determines the level of adversity.
For risk assessment of tunnel safety, a value of k=3 is
proposed based on the analysis of several activities [9].

CV = E(N) + ka(N) 2)

The following limit, which again takes into account the
policy factor 8, is proposed to limit risk on a national level:

EWN) + ko(N) < 8 X100 3)
It has been shown [8] that this national criterion for

acceptable risk can be translated into a standard for a single
(tunnel) location. This criterion has the typical form of a FN

limit (with a quadratic steepness):
C
1 — Fy(x) < =z “4)

where:

1— F(x) probability of more than x fatalities per year'

C constant that determines the position of the FN
limit line

Suppose that the expected value of the number of
fatalities is much smaller than its standard deviation (which
in general is true for accidents with low probabilities
and large consequences) and assume a Bernoulli distri-
bution of the number of fatalities. The factor C can now be
written as a function of the number of installations on a
national level (N,), the risk aversion factor (k), and
the policy factor ((8):

_ [B1007?
€= L«/N_] ®

When applied to tunnel safety, again the distinction
can be made between internal users (or employees) and
external parties. Considering the differences between
these parties, different standards should be applied for
these parties, and different (§’s are applicable for them,
see Table 1 for suggested values. The choice of the
height of the limit will also depend on the number of
installations. In the derivation of the local limit, first the
acceptable risk should be set on the national level.
Consequently, the acceptable risk should be distributed
over the tunnel locations. The choice of the acceptable
risk level on a national scale will reflect national choices
and preferences. We note that the use of local risk
standards (only) can lead to an undesirable situation on a
national scale. An increase in the number of installations,
each of them acceptable according to the local limit, can
lead to an unacceptable high-risk level on a national
scale [8]. No risk limit for tunnels has been established
on a national level yet. Therefore, the safety used criteria
in other tunneling projects are often used as reference
values in the derivation of risk standards for new
projects.

2.3. Economic risk optimum

The third and final risk criterion is the economic
criterion, which aims at an economic optimisation of the
risk level. The investments in safety are weighed against the
remaining risk level. A well-known derivation of such an
economic acceptable level of risk was formulated by Van
Dantzig in 1956 for flood defence systems [10].

! Note that a different convention can be found in other published works,
in which the symbol Fj(x) (or F(x)) signifies the probability of ‘x or more’
fatalities per year.
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Fig. 2. Schematic representation of the economic risk optimisation used for
according to Van Danzig.

According to Van Dan zig’s method of economic
optimisation, the total costs in a system (C,,) are
determined by the sum of the expenditure for a safer system
(1) and the expected value of the economic damage (E(D)).
In the optimal economic situation the total costs in the
system are minimised:

min(C,,) = min({ + E(D)) (6)

With this criterion the optimal probability of failure of a
system can be determined, provided that the investments (/)
and the expected economic damage (E(D)) are a function of
the probability of failure. A simplified graphic represen-
tation of such a cost optimisation is given in Fig. 2. The
figure shows that the incremental costs of reducing risk
increase as the risk becomes smaller, also see [11]. The
other line shows a rough estimation of the risk costs as
function of the level of safety. It can be seen that the sum of
both risk costs and investments has a minimum, represent-
ing the optimum safety level.

This economic risk optimisation has proven to be a very
effective way for the definition of the optimal risk level of
the flood defence system in the Netherlands. Therefore, an
effort is made to apply this framework to find an economic
risk optimum for tunnels (discussed in Section 4).

3. Economic valuation of the consequences of tunnel
accidents

In an economic evaluation of risk the consequences of
tunnels accidents have to be presented in financial terms.
This is a straightforward exercise for the damage that is
directly related to the damage or loss of the tunnel and its
equipment, and the damage to the vehicles. When taking
into account other consequences of tunnel accidents, such as
injuries or the loss of life, this proofs to be a more difficult
task. An approach would then be to assign a monetary value
to the casualties that result from an accident. This may raise
ethical and moral questions, but it is necessary in an
economic evaluation and brings consistency in the decision
process [7]. Moreover, it can be easily understood that

neglecting the economic value of loss of human life in
the economic optimisation will lead to lower expected
damages and thus to a lower optimal safety level. Finally,
the economic costs of traffic delays as a result of a
temporary closure of the tunnel can be taken into
consideration to come to a full economic risk assessment.

3.1. Economic valuation of loss of life

A wide ranges of studies is available on the economic
valuation of the statistical loss of life in various contexts, for
example for road safety [6]. Here, the main approaches for
the valuation of human life are discussed.

3.1.1. Costs of saving an extra life (CSX)

One important approach relates the value of human life
to the investment made and to the number of prevented
fatalities. The cost of saving an extra life (CSX) expresses
the investment made for saving one extra (statistical) life.
The investment (/) is generally related to the reduction of
the expected number of fatalities (AE(N)):

CSX = I/AE(N) @)

It has been shown [12] how the cost of saving a human
life per year (related tot the expected value) can be
determined from the economic optimisation. The costs of
saving an extra life year (CSXY) can be calculated by
involving life expectancy in this method. An extensive
study of CSXY values in various sectors [5], showed that
CSXY values vary widely across different sectors. This
means that it not possible to determine a fixed amount that
society is willing to invest to avoid the loss of one statistical
life. Besides, for accidents with a low probability and large
consequences the expected value of the loss of life will be
small. The investments to prevent these types of accidents
are generally considerable. Moreover, this type of cost
effectiveness calculation of safety measures is risk neutral
and does not reflect the social aversion against large-scale
accidents (e.g. airplane crashes, large tunnel accidents). To
overcome these burdens, there are other ways to validate the
loss of a human life.

3.1.2. Human capital approach (HCA)

The human capital approach is based on the discounted
present value of the victim’s future output (income) that is
foregone due to his premature death [13]. In the case of
individuals whose services are not marketed, a correction
can be made. Further allowance is added for other costs
related to accidents, such as medical costs, and police.
In some countries a more or less arbitrary amount is added
for the ‘pain, grief and suffering’ of the victim’s relatives
and friends. The major objection against this approach is
that most people do not value their life for its economic
output, but rather because it has intrinsic value to them.
So this approach does not provide accurate measurement of
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the parameter targeted. Instead it focuses on estimated
production capacity.

3.1.3. Willingness to pay (WTP)

This approach is based on the trade off people make
between risk and money [14,15]. How much are people
willing to pay to reduce the risk of a premature death? It
estimates the value that humans attach to life by means of
surveys. These aim at the determination of the amount of
money that individuals are prepared to pay to reduce the risk
of loss of life or injury. This method investigates the injuries
that are borne by individuals and not the losses borne more
widely by society. Therefore losses for medical care, public
costs and net productive losses are added. The added
components are only a small proportion of the total socio-
economic costs of casualties. This approach usually yields
higher values than the human capital approach.

3.1.4. Value of a statistical life (VSL)

The willingness to pay for one individual is often
transferred into the Value of a Statistical Life, which
expresses the sum of the WTP over a large group of people.
A study [16] gives an example; workers facing an annual
occupational-fatality risk of 3 in 10,000 receive about $500
more in annual wages than workers with jobs in which the
risk is only 2 in 10,000. This means that the 10,000 people
are willing to offer $500 dollar of their income each, to save
one expected statistical death among them. The Value of
this Statistical Life thereby yields $5 million. Disadvantages
of this method are that the workers in these (high risk) jobs
are generally healthy, male and young and may have a
different attitude towards safety than the average person.
Secondly, the people accepting these jobs are risk taking and
not risk averse.

Overall, there are several ways to valuate the prevention
of the loss of life. When using the CSX method, the monetary
value of a fatality has a wide range. However, the other
methods (HCA, WTP, and VSL) all show an outcome in the
same order, although their bases vary considerably. The
methods described above can also be used to assign a
monetary value to the prevention of injuries. Based on a study
of road safety in the Netherlands [16], we estimate the values
of the prevention of the loss of life and injury in this study at:
$1.5 million/fatality and $0.2 million/injury (2002 price
basis). It is noted that a recent overview of studies on the
statistical value of life in road safety [6] give higher values,
which are in the order of $4-5 million per fatality.

3.2. Including the indirect costs of tunnel accidents
(traffic delay)

In addition to the direct costs (damage to the tunnel and
its equipment, the vehicles and human suffering), there are
also macro-economic costs. These costs are the indirect
costs and comprise costs related to:

Table 2
Example of the time valuation of different users of a tunnel according to
their motive [17,18]

Type of user Time valuation (€/h) Fraction of total traffic

Commuting traffic 6.5 0.5

Business traffic 23.0 0.25
Trucks 35.0 0.15
Other traffic 4.5 0.10

e delay of traffic because of traffic jams resulting from
accidents

e delay of traffic due to lowered speed limits

e delay of traffic during reconstruction of the tunnel after
the accident

e deviation of the traffic flow due to the collapse of a tunnel

e decreasing traffic volume (rerouting) caused by negative
emotions due to recent tunnel accidents

e environmental damage

The indirect costs of traffic delay are calculated, based
on [18]. The total associated economic losses are found by
multiplying the time valuation of the traffic flow with the
expected delays for all scenarios. It is clear that
(the economic) appreciation of time varies between
different users of a highway. Table 2 gives an example
of the valuation of time according to the motive of the
various users. It also shows the fraction of total traffic
volume in the Netherlands that is formed by a certain type
of user.

4. Towards an economic optimum for tunnel safety

4.1. Constraints with respect to the economic risk
optimisation of Van Dantzig

To derive an economic optimum level for tunnels we
need to be able to draw a figure like the one presented in
Fig. 2. Thus, two relationships need to be investigated; the
relation between investments and the achieved safety level,
and the relation between the level of safety and the
remaining economic damage. Section 3 presented a way
of expressing the risk costs in financial terms. Presenting a
clear relation between the investments and their quantified
effect on the level of safety, however, appears to be difficult
for a number of reasons.

First of all, as most studies on safety in tunnels are
carried out from a deterministic point of view, the
knowledge of the quantified effects of safety measures
needed for a probabilistic approach is currently limited.
Vrouwenvelder and Krom [6] show that economic
optimisation can be carried out for a single measure in
a tunnel. However, less is known about the cumulative
effect of various safety measures and their
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Fig. 3. Relationship between costs and effect of (combinations of) safety
measures; a hypothetical case (see also [11] for a similar approach).

interdependence. The number of safety measures appli-
cable to tunnels is considerable, with even more possible
combinations. For a tunnel with M safety measures under
consideration, the number of combinations (N) equals:

M N M M M
M M—1 M-2 1

Neombination =

Thus, a tunnel with only 10 safety measures theoreti-
cally already yields more than 1000 combinations.

In order to establish a clear relation between the
investments in safety and the achieved safety level, more
research is needed to quantify the effect of safety measures,
their interdependence, and their cumulative effects. With
this knowledge, it could be possible to make an overview of
all possible combinations of safety measures with their
(cumulative) effect on the remaining risk and their costs.
The required relation between investments in safety and
their effect can then be drawn, clearing the way for an
economic optimisation. Fig. 3 shows a simplified example
of such a figure for a tunnel where only three safety
measures are applicable. However, it should be noted that
the function will not be plotted as a continuous line, but in
practice it will have a more stepwise form. Consider for
example decisions such as the construction of second tunnel
tube (1) or the installation of a sprinkler installation (2), or
the construction of a shoulder (3).

4.2. A first step towards an economic safety optimum
for tunnels

While the full economic optimisation of Van Danzig
cannot be applied at this moment to tunnels as described
above, a first step in the economic risk evaluation is made,
by investigating the cost effectiveness of various safety
measures individually. The investment costs related to
tunnel safety are generally related to the:

e construction of the tunnel (e.g. uni- or bi-directional
tube; construction of a shoulder, heat resistant lining)

e clectrical installations (e.g. ventilation, cameras, speed
detection systems)

e traffic management solutions (e.g. speed reductions,
separating transport of dangerous goods)

Besides these costs, there are also maintenance costs and
renovation costs. To compare all these investment costs and
the risk cost over the economic lifespan of the tunnel, the
Present Value method is used, taking into account the
depreciation of money over time.

4.3. Graphic representation of the cost effectiveness
of safety measures

There is insufficient knowledge on the cumulative effects
of safety measures in tunnels. Thus, it is not yet possible to
investigate the cost effectiveness of safety equipment,
starting from an ‘empty tunnel’ and then adding safety
equipment to the tunnel until it reaches an economic safety
optimum. Therefore all safety measures are evaluated
individually in relation to a reference point. When more
knowledge on the quantified effect of safety measures
becomes available, this approach may be used to investigate
multiple reference points. Eventually this method can be
used to investigate the combinations of and interactions
between various safety measures and it will lead to an
economic risk optimisation.

For this first investigation of the cost effectiveness of
safety measures, one single reference point is used. As a
reference point, it is assumed that the tunnel complies with
the Personal and Societal risk criteria. Now, the cost
effectiveness of various safety measures can be investigated
by removing or adding safety measures.

The cost effectiveness relation can be represented in a
figure showing the costs of safety measures versus the risk.
Fig. 4 shows an example. The vertical axis shows the
investments in safety. Above the horizontal axis the extra
investments for additional safety measures are indicated,
below the savings on investments of removing safety
equipment. The horizontal axis shows the calculated risk for
various options of removing or adding equipment. The risk
comprises all direct costs: fatalities, injuries, and
material damage and it is expressed solely in financial
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Fig. 4. Investments in tunnel safety equipment versus risk.
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Fig. 5. Graphic representation of cost effectiveness of safety measures.

terms. On the right hand side, the risk level 0 represents
(the unachievable situation of) absolute safety.

Fig. 5 gives an example for an imaginary tunnel. The large
dot in the middle corresponds with the reference point of
the tunnel (e.g. the tunnel as designed), with a risk amount of
€200 million over 30 years. The diagonal line through this
point shows a one-on-one relation between investment costs
and risk. All alternatives of adding or removing equipment
can then be plotted in this figure. The two horizontal striped
blocks show areas where no safety measures are to be
expected; more investments will not result in more risk and
fewer investments will not result in less risk. Safety measures
plotted in the two grey triangles are considered to be cost
effective, because their costs/savings are lower than the
reduction/increase in risk. The safety measures in the striped
triangles are not cost effective, while their costs/savings are
higher than their reduction/increase in risk.

4.3.1. Risk neutral or risk averse

The cost effectiveness relation in Fig. 5 can be used to
evaluate the cost effectiveness of safety measures in various
ways. When both axes are presented as the Expected
Values, the figure gives a risk neutral relation between the
investments in safety (vertical axis) and the present value of
risk (horizontal axis). However, it is also possible to use
other values on both axis to take into account the
uncertainties in investments, or the social aversion towards
large-scale accidents. In both cases, for instance it is
possible to use the Characteristic Value (CV=E(N)+
kao(N), see also Section 2), instead of the Expected Value,
which makes the relation risk or cost averse. The risk
aversion will mainly apply to accidents with smaller
probability and larger consequences, i.e. especially those
with multiple injuries and fatalities. Although risk aversion
is generally only applied to loss of human life, it can be

discussed whether risk aversion would be appropriate for
large economic consequences. For example, consider two
bets with equal expected losses. In the case of risk aversion,
a very large loss with a small probability (e.g. €100.000
with probability 10~°) could be valued worse than a
smaller loss with a larger probability (e.g. €100 with
probability 1072).

4.4. Relation to the risk optimisation of Van Dantzig

The analysis presented above uses a certain tunnel
design as a reference point in order to investigate the cost
effectiveness of safety measures. This means that the
effectiveness of safety measures depends heavily on
the safety level of the reference point taken. Following
the general economic law of diminishing returns, it can be
expected that investments in safety will be more effective
in a tunnel without equipment than in a fully equipped
tunnel. However, if this calculation is made using several
different reference points, the relation needed for an
economic optimisation can be found. This is presented in
Fig. 6 below, which shows several reference points and

,
/
,
’
’
’
P

Inestments in safety

Safety level of a tunnel
——

Fig. 6. The proposed risk evaluation method in relation to the curve of Van
Danzig.
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the cost effectiveness of safety measures according to these
safety levels. Note that in the original application by van
Danzig for flood protection considered one measure
(dike heightening) and a linear relation between invest-
ments and safety level.

The dotted line in the figure shows a rough estimation
of the relationship between the investments in safety
and their effect. Added to this figure are three black dots
representing three different reference points, with three
different levels of safety equipment. The triangles
represent the areas where safety measures are considered
cost effective, where A(Investment)/A(Safety)<1.

5. Case studies: risk standards and evaluation of safety
measures in Dutch tunnels

This section illustrates the application of the three risk
criteria as presented in Section 2 and the analysis of cost
effectiveness as discussed in Section 4, using several cases
of safety analyses of Dutch tunnels.

5.1. Individual and group risk

The Individual- and Group Risk criteria are commonly
used to evaluate the risk of tunnelling projects in the
Netherlands. An overview of the standards applied for
the judgment of internal risks for a few tunnels in the
Netherlands is given below, in Table 3.

The personally acceptable risk can be presented as the
probability of death per kilometres travelled per year or
the probability of losing life for an average user or
employee. The actual risk of death for road users in the
Netherlands is the order of 10~ ® per person kilometre per
year. For the Western Scheldt tunnel more strict standards
for individual risk are chosen as the decision makers
wanted the anticipate growth of traffic and the potential of
accidents with large consequences. In addition they
desired that the (new) tunnel should add a marginal
level of risk to its users. For the judgment of societal risks
both FN limits and limits for the characteristic value (with
k=3) have been proposed. For the external risks near
tunnel locations an acceptable personal risk of 10¢ per
year and an acceptable societal risk of 10~%N? are
applicable in the Netherlands [20].

Table 3

5.2. Economic risk evaluation

The evaluation of cost effectiveness as outlined in Section
4 was used to investigate the cost effectiveness of several
safety measures in three tunnels in the Netherlands (bored,
land and immersed) [21]. The tunnels were all in the design or
construction phase at the time of investigation. The risk
reducing effects of various safety measures were analysed
with a quantitative risk analysis model for the evaluation of
the internal risk [22]. The costs of the safety measures were
provided by several departments of the Ministry of Trans-
port. The results for the land tunnel are presented below. The
tunnel has a length of approximately 2.5 km, it has two traffic
lanes (and shoulders), the expected daily traffic volume in
2020 is estimated at 48,500 vehicles, and there are no
restrictions on the carriage of hazardous cargo.

5.2.1. Risk neutral approach (using the Expected Value
of economic damage)

Fig. 7 shows the cost effectiveness of the safety measures
under consideration for this tunnel in relation to the
Expected Value of risk. It is clear from the figure that
removal of the following measures seems cost effective in
relation to the EV of risk: removing the (hard) shoulder (3)
and removing the fire extinguishing facilities (7) seems cost
effective regarding the EV of risk. Removing the ventilation
equipment is almost cost efficient, while removing half the
number of emergency exits (4), does not save a lot of money
and does not influence the level of safety considerably.

Regarding the additional safety measures, it can be seen
that separating the dangerous cargo from the rest of the
traffic (11) and installing a sprinkler installation (9) are not
feasible. Changing the distance between the escape doors
(5) does not cost much for this land tunnel, but has a limited
influence. Other additional safety measures such as
improving the use of fire extinguishing tools (13) and
escape routes (14) are cost effective. Even more cost
effective is defining a minimum distance between all
vehicles (15) and extending the SDS beyond the tunnel
exit (10). But the most cost effective safety measure is
enforcing a speed reduction in the tunnel (12).

5.2.2. Risk averse approach (using the Characteristic Value
of economic damage)

In order to take into account the social aversion towards
large-scale accidents, the evaluation of the cost

Overview of safety standards applied to three Dutch tunnels [19,20] (for the CV, k=3)

Tunnel

High speed train link

Western Scheldt tunnel Betuwe tunnel

Individual risk users/pass. 1.5X 10~ "/km/yr
Employees 5X 10 /yr
Group risk Fx 4X 10~ 4N*/yr/km

Charac. value 2,3 fat/yr

1X10™ lO/km/yr Betuwe tunnel
- 5% 10 yr
10~2 N?%/yr/km 1072 N¥/yr/km
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Case Land tunnel: costs of safety measures versus risk (EV) in million

Nr. Alternative: Land tunnel

construction or removal of a shoulder

removing the ventilation equipment

Speed Detection System (extension)
separating transport of dangerous goods
decreasing speed limit with 20 km/h
improving the use of the extinguish tools
improving the use of the escape routes

' 1 asbuil (reference point)
' 2 without any equipment
' 3
> €250 ' 4 cross connections every 200 m
<) 1 5 cross connections every 50 m
E €200 [ ) hd 6 removing the heat resistant lining
s €150 ' 7 removing fire equipment
' _-- 8
% €10.0 L 9 sprinkler installation
8 €5.0 ' _a= " 10
. 1 .-
L9 5 =" 1
EQ €00{= = == == 2 m === mmmm PO S = mmmnm @ B o= el
°3 B ' 15 10 12 1
oxg €-5.0 L. g e ! i
SQ .= T, 15 minimum distance between vehicles
< E €-10.0 PP
> - '
‘g’ €-15.0 o . ' 1,4
'
&w) €-20.0 '
'
& €250 T
€90.0 €85.0 €80.0 €750 €70.0 €65.0 €60.0

Present Value of risk (EV)

Fig. 7. Costs of safety measures in relation to the expected value of risk in million Euros.

effectiveness of safety measures was also done in relation to
the Characteristic Value of risk (with k=3). The graphic
results are presented in Fig. 8.

It is clear that the horizontal axis is stretched out
relatively. As a result some safety measures are cost
effective in a risk averse approach, while they are not cost
effective in a risk neutral approach (safety measures 3, 7, 8
and 11). The only safety measure that is still not cost
effective, even in a risk averse approach, is the installation
of a sprinkler system (nr. 9). All other safety measures that
can be added to the design are cost effective in a risk-averse
approach. Considering the removal of safety measures, it
can be seen that removing any of the safety equipment
from the design is not cost effective in a risk averse
calculation.

5.2.3. Discussion of results

The same analysis was carried out for two other tunnels
(abored, and an immersed tunnel). All evaluations using the
expected value showed that the casualties of normal

accidents account for about 90% of all casualties. In a
risk-averse approach, one could argue that tunnel specific
fatalities would deserve larger expenditures and that
the risk neutral approach is less suitable. Societal risk
aversion will mainly apply to accidents with smaller
probability and larger consequences, i.e. especially those
with multiple injuries and fatalities. Thus the weight of
these injuries and fatalities will increase relative to the risk
neutral calculation. Although more discussion on the
appropriateness of the concept risk aversion is needed, it
is noted that the current standards for tunnel safety in the
Netherlands (see Table 3) set by the decision makers clearly
reflect this risk aversion.

The safety measures that aim specifically at reducing
the risks of ‘small probability large consequences’—
accidents (e.g. a sprinkler system or doubling the distance
of the cross connections), are not cost effective even in a
risk averse evaluation. The best option is to separate
trucks carrying dangerous cargo from the rest of the
traffic. It is not cost effective in relation to the Expected

Case Landtunnel: costs of safety measures versus risk (CV) in million €

Nr.  Alternative: Land tunnel

'
1 as built (reference point) '
2 without any equipment '
- € 254 3 construction or removal of a shoulder : . ~
k5] 4 cross connections every 200 m f . ~
“(E € 20' 5 cross connections every 50 m 9. ' . ~ °
ﬂ € 15_ 6 removing the heat resistant lining 1 ~ 11
] 1.4 -
P 7 removing fire equipment 1 : . ~
k7] € 104 8 removing the ventilation equipment ' . ~
8 g €5 9 sprinkler installation : . ~
O = 10 Speed Detection System (extension) . ~
<2 . 5 '
:: % € 0 11 separating transport of dangerous goods m m = = = = - ”{ ________ Q- = @= == === === === = -2
[SIR] 12 decreasing speed limit with 20 km/h 8 } [ 10 15 12
@ -5 . W
5 S € 5 13 improving the use of the extinguish tools - - 7 1
= . -
g €. 10_ 14 improving the use of the escape routes - :
— 15 minimum distance between vehlcle,s 13
= - J - '
§ €15 .3 - '
© €20 - '
- g -
a .- '
€-25 1
€270 €260 €250 € 240 €230 € 220 €210 € 200

Present Value of risk (CV)

Fig. 8. Costs of safety measures in relation to the Characteristic Value of risk in million Euros.
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Table 4

Example of a cost effectiveness analysis of a shoulder, including costs of traffic delay. Expected values of economic damage for different damage categories

(vertical axis) and different design alternatives (horizontal axis)

Case: land tunnel

2 lanes WITH shoulder

2 lanes WITHOUT 2 lines WITH/3 WITHOUT

shoulder shoulder
Casualties
Accidents
Injured €2.197.000 €3.042.000 €2.682.000
Fatalities €2.944.000 €4.076.000 €3.594.00
Calamities
Injured - - -
Fatalities - - -
Material damage
Accidents
Material damage to the vehicles material €1.429.00 €1.726.000 €1.599.000
damage to the tunnel
Calamities
Material damage to the vehicles material €7.010 €7.650 €7.650
damage to the tunnel
€115.000 €125.500 €125.500
Congestion
Breakdown accidents €0 €978.000 €23.000
Accidents €5.770.000 €9.721.000 €1.086.000
Calamities €89.500 €107.400 €99.800
Maintenance €0 €0 €0
Total without investments €12.611.000 €19.859.000 €9.285.000
Difference €0 €7.248.000 €3.326.000
Maintenance (30 years) €21.319.000 €19.187.000 €21.333.000
Investments €132.210.000 €118.989.000 €132.298.000
Net present value (30 years) €166.140.000 €158.035.000 €162.916.000
Difference €0 €8.105.000 €3.224.000

Value of risk, though it is when the Characteristic Value
is taken into account. Though, the most (cost) effective
measures are the ones that prevent the accidents from
happening, or reduce the effect in the early stages of
the development of the accidents. Examples are:
the introduction of a minimum distance between vehicles
and improving the use of fire extinguishing facilities and
escape routes, and above all enforcing speed reductions in
the tunnels.

Of the safety measures where removal was considered,
removing the fire resistant lining or the ventilation
equipment is not cost effective. Surprisingly, evaluation
of the removal of the fire extinguishing equipment
from the tunnels as built seems to be cost effective
(and the tunnel still complies with the social risk
criterion).

From the three cases studied, it can be concluded that the
safety level of a tunnel mainly depends on the length of the
tunnel, the daily traffic volume and the number of trucks
transporting dangerous goods.

Finally, the height of the monetary values assigned to
casualties was investigated. Its value has little influence on
the evaluation of cost effectiveness of the safety measures.
This is due to the fact that the cost effectiveness in this
investigation is regarded in relation to the tunnel as built.
Therefore, changing the monetary values will also change
the reference point of the investigation. A higher value for

a statistical life will therefore only stretch the horizontal axis
to a limited extent.

5.3. Including traffic delay as a result of accidents

The above analysis showed that removing the shoulders
from the tunnel is not cost effective in a risk neutral
approach. It is interesting to investigate its cost effectiveness
when the indirect costs of traffic delays as a result of tunnel
accidents are also taken into account. These calculations
were made using the BOMVIT model [17].

The reference situation with a shoulder was compared
with two alternatives: a design without a shoulder and a
tunnel with a shoulder that is turned into a traffic lane
halfway its economic lifespan. A summary of the results of
the analysis including direct and indirect risk is presented in
Table 4. It shows that two alternatives will reduce the total
Present Value of the project. It is clear from this analysis
that the risk mainly consists of costs related to congestion.

Turning the shoulder into a traffic lane after 15 years
(third column) will result in less congestion due to accidents
and therefore reduces the present value of the project
(with €3.2 million®) when it is compared with the reference
situation. Even more profitable is removing the shoulder in

2 All these Present Values are calculated using total cost including taxes
and are expressed in €s with the base year 2002.
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the Land tunnel. It will reduce the total investment with
€15.4 million (PV), but the risk will increase with €7.2
million (PV). This means that still the total Present Value of
a tunnel without a shoulder is about €8.1 million lower than
the one with a shoulder. Thus it can be concluded that a
shoulder is not a cost effective safety measure, even if
the indirect risk resulting from traffic delay are taken
into account.

6. Conclusions

It is the aim of this paper to propose a framework for the
evaluation of tunnel safety. A probabilistic framework has
been proposed for the judgment of personal, societal and
economic risks of tunnels. The most stringent of the three
should be adopted as basis for the ‘technical’ advice to the
political decision makers.

Because the knowledge on the quantified (cumulative)
effects of safety measures applicable to tunnels needed for
an economic risk optimisation is limited at the moment, it is
not (yet) possible to adapt the economic risk optimisation
method of Van Dantzig to determine an economic safety
optimum for tunnels. However, a first step towards an
economic risk evaluation is presented, that includes both
material and immaterial costs resulting from accidents.
Moreover, a way to include the costs of traffic delay in the
evaluation is suggested.

An analysis of the application of elements of the
proposed framework in practical situations has shown
that standards for limitation of personally and social
acceptable risk are commonly applied in tunnelling
projects in the Netherlands. However, there is less
experience with the economic assessment of safety
measures. Application of the economic evaluation
method proposed in this paper gives promising results.
Surprisingly, it shows that some of the safety measures
(e.g. fire extinguishers), commonly applied in tunnels at
the moment, are not cost effective from a probabilistic
point of view. But it also underlines the relevance of
some of the safety measures generally applied on tunnels
(ventilation and fire resistant lining). The cost effective-
ness analysis showed that preventive measures are most
cost effective. These results can be used during the
design of other tunnels.

The current risk standards applied in the Netherlands
and the investments in tunnels clearly reflect risk averse
preferences of decision makers. Further discussion is
encouraged on appropriateness of risk aversion with
regard to ‘small probability—large consequence’
accidents.

Although this paper does not provide full solutions for
the complicated safety discussions in tunnelling projects,
it is the hope of the authors that these ideas might
contribute to rational and effective decision making with
regard to the investments in tunnel safety.

7. Disclaimer

Any opinions expressed in this paper are those of the
authors and do not necessarily reflect the position of
the Dutch Ministry of Transport, Public Works and Water
Management.
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