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This paper addresses the issue of optimally selecting the tunnel safety provisions. Tunnel safety provisions are the assets of urban
road tunnels which are installed and implemented to reduce the tunnel risks, which are basically selected by expert judgment
in practice. An optimization model is proposed to obtain the optimal solution for the selection of tunnel safety provisions. The
objective function is to minimize the life cycle costs of tunnel safety provisions, which is subject to the requirements for tunnel
safety provisions and the safety targets. Finally, by taking advantage of the special structure of the optimization model, a Bi-Section

Search and Bound Algorithm (BSSBA) is designed to efficiently solve the problem.

1. Introduction

Urban road tunnels have been more and more important
infrastructure which provide underground vehicular pas-
sageways for motorists and commuters, especially in popu-
lous cities like Singapore and Hong Kong. With the increased
travel demand and urbanization as well as the limited land
supply, building urban road tunnels has been an alternative
to improve the capacity of our transport networks. However,
urban road tunnels lead to serious safety challenges due to
their semienclosed environment. As a result, various tunnel
safety provisions are required to be installed in order to
control the loss caused by a certain incident.

The most common provisions include tunnel detection
system, tunnel verification system, tunnel ventilation system,
and firefighting system. Every system has various types with
different functional parameters. For example, there are two
types of tunnel ventilation systems—transverse ventilation
and longitudinal ventilation. The former is to protect the
tunnel users by keeping the smoke stratified in a hot layer
underneath the ceiling of the tunnel and extracting it at
the ceiling, while the latter is to prevent backlayering [1, 2].
In practice, the selection of tunnel safety provisions is on
the basis of expert judgment by taking the risk assessment

results into account. In reality, the tunnel safety provisions
are designed at the planning stage. Once the tunnel is open to
traffic, these parameters are considered to be unadjustable; it
would be difficult, if not impossible, to adjust these parame-
ters to reduce the risks. Therefore, it is of great importance to
assess the risks when selecting tunnel safety provisions at the
planning stage by assuming possible traffic conditions.

It is now a common practice to apply engineering
economics principles in the evaluation of transportation
projects, such as highways, bridges, and pavements[3]. Life
cycle cost analysis (LCCA) is considered as an effective
assessment tool for analyzing the performance of complex
systems [4]. It was introduced in the fields of infrastructures
in the early 1980s as an appraisal tool for the total cost of
ownership over the lifespan of an asset [5, 6].

The total costs with respect to tunnel safety provisions
include purchase cost, maintenance cost, and operating cost.
The purchase cost refers to the price at which one tunnel
safety provision is actually purchased and implemented. The
maintenance cost is the money used to upkeep the tunnel
safety provision. The operating cost includes the electrical
cost of the tunnel safety provision and the salaries of operators
for the provision. The salvage cost is usually assumed to
be zero in the analysis of tunnel safety provisions. The



different types of tunnel safety provisions with distinct cost
compositions and life spans could be evaluated in the LCCA
framework.

2. Notations and Explanations
Henceforth, the following notations apply:

Vzi is the purchase cost of the tunnel ventilation
system with type i.

V:n is the maintenance cost of the tunnel ventilation
system with type i.

V! is the operating cost (the electrical cost and salaries
of operators) of the tunnel ventilation system with

type i.

D{, is the purchase cost of the fire detection system
with type j.

DZn is the maintenance cost of the fire detection
system with type j.

D/ is the operating cost (the electrical cost and
salaries of operators) of the fire detection system with

type j.
Ff; is the purchase cost of the fire verification system
with type k.

an is the maintenance cost of the fire verification
system with type k.

F¥ is the operating cost (the electrical cost and salaries
of operators) of the fire verification system with type

k.

V' is the annual worth of the tunnel ventilation system
with type i.

D’ is the annual worth of the fire detection system
with type j.

F¥ is the annual worth of the fire verification system
with type k.

n, ng, and nl} are the study period for tunnel ventila-
tion system with type i, fire detection system with type
j,and fire verification system with type k, respectively.

The purchase costs and maintenance costs of various
types of tunnel safety provisions are obtainable from the
conceptual design of the tunnel project. The operating costs
could be estimated by the experienced tunnel operators. By
using LCCA, we can estimate the annual worth for each
combination of candidate tunnel safety provisions.

3. QRA Model Based Optimal Selection of
Tunnel Safety Provisions

3.1. Model Formulation. As mentioned earlier, it would be
difficult, if not impossible, to change or upgrade the tunnel
safety provisions to reduce the risks as soon as a tunnel is open
to traffic. Consequently, on the one hand, the tunnel risks in
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the life span of the tunnel should be managed to be within the
safety targets; on the other hand, the decisions makers (e.g.,
LTA of Singapore) may want to minimize the total costs. In
this research, a QRAM based optimal selection approach is
proposed to support decision makers.

Sherali et al. [7] proposed a risk reduction optimization
(RRO) model to optimally allocate the available resources
on the basis of a QRA model for gasoline rupture situation
related to an offshore oil and gas production platform. Their
RRO model is to minimize risks (in terms of expected loss),
subject to the budget and resources constraints. However, the
formulation cannot be applied to the current study. Since the
safety targets are compulsory by regulations to be fulfilled in
road tunnel risk assessment, we should put the risks as the
constraints rather than the object to be minimized.

Let AW denote the annual worth of the total costs of
various types of tunnel safety provisions. We further define

binary variables x, yj , and Z* as follows:

i
X

1,
0,

i { 1, if the fire detection system with type j is selected; W
= 1

if the tunnel ventilation system with type i is selected;

otherwise,

0, otherwise,

1, if the fire verification system with type k is selected;
0, otherwise.

Thus, we have the objective function as follows:

1 ] K
min AW = Y ¥’V + Y yD)+ Y ()

i=1 j=1 k=1

I .

Subject to: le >1, (3)
i=1
[ .
2y =1, (4)
j=1
K
Y=, 5)
k=1
SR‘X (?’7’7) < SRcriterion’ (6)
IRﬁ (?’7"—5) < IRcriterion’ (7)
Evﬁ (?’7’?) < Evcriterion’ (8)
xi, yj, zk =0,1. 9)

In this formulation, the objective function (2) seeks to
minimize the total costs; constraints (3) to (5) imply that
tunnel ventilation systems, fire detection systems, and fire
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verification systems are compulsory components; that is, at
least one type should be chosen, for urban road tunnels in
Singapore according to the Project Safety Review Manual for
roads in Singapore; constraint (6) indicates that the « cut
based societal risk should not be beyond a predetermined
safety target (SR ierion); cOnstraints (7) and (8) represent that
the 3 percentile based individual risk and expected value
of fatalities should be less than or equal to the correspond-
ing predetermined safety targets (IR iterion @04 EV rierion )
respectively. (Please refer to [8-11] for risk assessment and
risk indices.)

3.2. Algorithm. The optimization model formulated in Sec-
tion 3.1 is a typical integer nonlinear programming model.
Thanks to constraints (3) to (5), there would be only limited
number of feasible combinations of tunnel safety provisions.
Theoretically, the numbers of solutions satisfying constraint
(3), constraint (4), and constraint (5) are 2! — 1, 2/ - 1,
and 25 — 1, respectively. If the number of these tunnel
safety provisions increased, the computational complexity of
the optimization model would be dramatically increased. In
practice, the experts from land transport authorities may only
provide a few candidate tunnel safety provisions (usually I <
3,] <4,and K < 4).If [ is equal to 3 and ] and K are both
equal to 4, the number of solutions satisfying constraints (3)
to (5) is1575. Under such circumstance, it would be very time-
consuming (although it is possible) to enumerate all solutions
satisfying constraints (3) to (5) and check whether or not they
fulfil the safety targets (constraints (6) to (8)).

Addition of new tunnel safety provisions will at least not
increase (most probably reduce) the tunnel risks; that is, any
additional investments on tunnel safety provisions will not
increase the tunnel risks. For example, assume we have a
solution (solution 1), represented by

x =(1,0,0), I=3
¥ =(0,1,1,0), J=4 (10)
Z =(0,0,0,1), K =4.

The solution suggests that type 1 of ventilation system, types
2 and 3 of fire detection system, and type 4 of fire verification
system are implemented in the road tunnel. Evidently, if the
solution satisfies constraints (6) to (8), additions of any other
tunnel safety provisions (e.g., x = (1,1,0), ¥ = (0,1,1,0),
and z = (0,0,0,1)) will definitely be within the safety
targets. On the contrary, if the solution does not satisfy
constraints (6) to (8), any combinations with deductions
of any tunnel safety provisions (e.g, x = (1,0,0), y =
(0,0,1,0), and Z = (0,0,0,1)) will also be unacceptable
according to the safety target. Similar ideas of domination
have been applied by other research in operational research
(e.g., [12-17]) Two domination rules are illustrated as follows.

Rule 1. If a combination of candidate tunnel safety provisions
does not satisfy constraints (6) to (8), all the other combina-
tions with deductions of tunnel safety provisions will also not
be acceptable according to the safety targets.

Rule 2. Ifa combination of candidate tunnel safety provisions
fulfils constraints (6) to (8), all the other combinations with
higher AW value (objective function (2)) are not the optimal
solution.

By taking advantage of the special structure of the prob-
lem, we design a Bi-Section Search and Bound Algorithm
(BSSBA) to solve the problem. The BSSBA is presented as
follows.

Step 0. Calculate the AW values (objective function (2)) for
all the possible combinations satisfying constraints (3) to (5).

Step 1. Rank the combinations in terms of AW values:
AW AW AWND where N is the number of avail-
able combinations.

Step 2. Check whether or not the combination with median
AW value satisfies the constraints (6) to (8): if yes, remove all
the combinations with higher AW values (due to domination
rule number 2); otherwise, remove the combination itself
and all the combinations with deductions of tunnel safety
provisions (due to domination rule number 1).

Step 3. Rerank the remaining combinations in terms of AW
values and go to Step 2.

Step 4. Stop when optimal solution is found.

4. An Illustrative Numerical Study

In this section, we use a numerical study to illustrate
the model and algorithm. We assume that there are two
types of tunnel ventilation systems: longitudinal ventilation
system and transverse ventilation system; three types of
fire detection system: line-type heat-sensing cable, smoke
detectors, and the automatic incident detectors; and two types
of fire verification system: Closed-Circuit Television (CCTV)
and emergency telephones. The purchase costs, maintenance
costs, and operating costs in this study are presented in
Table 1. The life spans of the safety provisions are assumed to
be 30 years. The Minimum Attractive Rate of Return (MARR)
is assumed to be 8%. We use the 0.9 cut based societal risk
and 0.9 percentile based individual risk and expected number
of fatalities as the risk indices. The safety targets for societal
risk, individual risk, and expected number of fatalities are
10_3/N2, 1078, and 0.5, respectively.

According to life cycle cost analysis (LCCA), the annual
worth for various types of tunnel safety provisions can be
estimated by

. ; A . .
Vi=V, x (E 8%, 30> +V, +V, (11)
D =D x(2 8%,30 )+ D' + D' 12

=D}, x| 58%30 | + Dj,, + D, (12)

. . A . .
F = F x (5,8%,30)+F;n+pg. (13)
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TABLE 1: The purchase costs, maintenance costs, and operating costs for various types of tunnel safety provisions.

Purchase Maintenance Operating

Tunnel safety provisions Types costs (million costs (million costs (million

SD) SD per year) SD per year)
Tunnel ventilation system Longitudinal >0 > 08
Transverse 80 8 1.8
Heat 0.4 0.1
Fire detection system Smoke 0.8 01
AID 0.4 0.1
Fire verification system cetv 25 2> 04
Emergency telephone 20 2 0.1

TaBLE 2: The annual worth of the candidate tunnel safety provisions.

Annual
Tunnel safety provisions Types worth
(million SD)
Tunnel ventilation system Longitudinal 10.24
Transverse 16.904
Heat 0.8552
Fire detection system Smoke 1.6104
AID 0.8552
Fire verification system cctv >12
Emergency telephone 3.876

F/N curve based on 0.9 cut

Safety target

1.00E + 00
1.00E — 02 -
1.00E — 04
1.00E — 06 -
1.00E — 08 -
1.00E - 10 -
1.00E - 12 1
1.00E — 14
LOOE =164, 0 iiiiiinineriieinss
1.00E - 18 SERSEUSSRESSEEEE

Frequency

Number of fatalities

FIGURE 1: Societal risk of the optimal combination.

Table 2 illustrates the estimation results for annual worth
of tunnel safety provisions.

The problem can be efficiently solved by the proposed
BSSBA algorithm in 9 iterations (as detailed in Table 3).

As can be seen in Table 3, the optimal combination of
tunnel safety provisions is 16.2152 million Singapore dollars.
The longitudinal ventilation system, heat detector based fire
detection system, and CCTV based fire verification system
are chosen. The societal risk, individual risk, and expected
number of fatalities of the combination are presented in
Figures 1-3.

0.00 - < T T T T |
0.00E + 00 1.00E - 08 2.00E —08 3.00E —08 4.00E - 08 5.00E - 08

Value of individual risk

Plausibility measure
—— Belief measure

FIGURE 2: Individual risk of the optimal combination.

0.00 0.50 1.00 1.50 2.00
Value of expected number of fatalities per year

Plausibility measure
—— Belief measure

FIGURE 3: Expected number of fatalities per year of the optimal
combination.

5. Conclusions

Tunnel safety provisions are the assets of urban road tunnels
which are installed and implemented to reduce the tunnel
risks, which are basically selected by expert judgment in
practice. However, they are usually not optimal selection. In
this study, an optimization model is proposed to obtain the
optimal solution for the selection of tunnel safety provisions.
The objective function is to minimize the life cycle costs of
tunnel safety provisions, which is subject to the requirements
for tunnel safety provisions and the safety targets. Finally, by
taking advantage of the special structure of the optimization
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TABLE 3: Iterations for solving the problem.
Combinations Number qf remainder Annua? Worth Safety evaluation
combinations (AW) (million SD)  gocietal risk  Individual risk EV value
Iterationl X =(0,1), ¥ = (1,1,0), z = (1,0) 32 24.4896 Safe Safe Safe
Iteration 2 x = (1,0), ¥ = (1,0,0), z = (1, 1) 16 20.0912 Safe Safe Safe
Iteration 3 % = (1,0), ¥ = (0,2,3), z = (0,1) 14 16.5816 Risky Safe Safe
Iteration 4  x = (1,0),y = (1,1,0), z = (1,0) 7 16.9704 Safe Safe Safe
Iteration5 x = (1,0),y =(1,0,1),Z = (0,1) 6 15.8264 Risky Safe Safe
Iteration 6  x = (1,0), ¥ = (0,1,0), z = (0, 1) 5 15.7264 Risky Safe Safe
Iteration 7* X = (1,0), ¥ = (1,0,0), z = (1,0) 3 16.2152 Safe Safe Safe
Iteration8 X = (1,0), 7 = (0,0,1),Z = (0,1) 2 14.9712 Risky Safe Safe
Iteration9  x = (1,0), y = (1,0,0), z = (0,1) 1 14.9712 Risky Safe Safe

* indicates the optimal solution.

model, a Bi-Section Search and Bound Algorithm (BSSBA) is
designed to efficiently solve the problem.
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