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Abstract The demand for subsurface transport is increasing. The users and the operators of road tunnels are exposed
to risks with different causes. One main cause, however, is the traffic situation in the event of accidents. The
importance of a Quantified Risk Assessment is increasing to quantify the safety of road tunnels and to balance the
requirements (capacity, reliability, availability, maintainability and safety) of various stakeholders. Although there are
classical methods for risk assessments, such as ETA and FTA. These methods are used for relatively simple cases
because it could not relevantly reflect the diversity and relationship of the parameters. Therefore, a quantitative risk
assessment based on Bayesian Probabilistic Networks considering interdependence between the parameters of a
complex underground system as a double deck tunnel is provided.
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Fig. 1. Three main types of Risk Assessment of a tunnel
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2. Bayesian Probabilistic Networks
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Table 1. Comparison of risk analysis schemes about probability

risk assessment in tunnel[2]

QRAM for transportation of
dangerous good

QRA procedure for fire
evacuation

Dutch QRA for road tunnels
(TunPrim)

TUSI model
(Norwegin Road Tunnels)

1. Type of risk oo . S
s . Quantitative risk analysis for a T . Frequency assessment method,
assessment Probabilistic risk analysis AT Probabilistic risk analysis .
unidirectional road tunnel based on statistics
method
-To assess the risks for - . Lo
Used by decision-makers when |To establish safety objectives
transport of dangerous goods L . -
deciding upon which and criteria for underground  |To calculate the number of
Lo -To evaluate for the . o .
2. Objective . resources should be spent on infrastructure traffic incidents, accidents, and
consequences, frequencies of | S . . .
. further safety installations for |(TunPrim model in 2 bore fires
occurrences of possible
. the tunnel tunnels)
scenarios
. . Traffic disturbance without Personal injury accidents,
Fire, Explosion, . . .
. . - . damage, Collisions, Fire, material damage only
3. Type of accidents | Leakage of aggressive and toxic|Fire, Explosion . . R !
. Explosion, Leakage of accidents, fires in private cars
materials . . .
aggressive and toxic materials [and HGV
a) Definition of the tunnel
. . b) Identification of
a) Choice of a restricted ) . . . . s
representative accident a) Identification of initial
number of dangerous goods .
. . scenarios events
b) Choice of representative L . . .
. . c) Frequency determination b) Identification of accident
accidental scenarios L
K R . d) Consequence assessment, scenarios in an event tree,
c) Identification of physical . . R
. including a basic queue each branch of the event
effects of those scenarios . . .
4.1 . . model and evacuation tree is a scenario
d) Evaluation of their . . Frequency assessment method
Structure . . analysis c) Frequency calculation for
physiological effects on . . .
. e) Risk mapping and each scenario
road or rail users and on . .
. interpretation d) Consequence assessment for
the local population . . . .
L f) Risk reduction, ranking each scenario
e) Determination of yearly . N .
- . system for risk reducing e) Calculation of the overall
frequency of occurrence for .
cach scenario measures risk
g) Tunnel Safety Management
System
Limited number of dangerous Simple procedure) literature
42 . e (Simple p ) Based on the Centre for
goods and a limited number of | study .
Hazard . . Tunnel Safety in the N.A.
. . |representative (Complicated methods) HAZOP,
4 Identification . . R . Netherlands
g accidental scenarios What-if Analysis
Metho . X
dolo (Considered variables)
24 Accident rate on equal road
43 Based on the section, Speed limit, One or
The yearly frequency of Swedish VTI model, using two way traffic, AADT
Frequency . . S L. ETA .
caloulation | 0ceurrence for each scenario simple event tree and statistic (average Annual Daily
information Traffic), HGV, Length of the
tunnel, Number of lanes in
each direction, Geometry
-Mechanical victims, deaths
-Consequences of fire on . L
. due to serious injuries,
. . humans by heat and direct
-Physical modelling of the . . entrapment
radiant heat, carbon monoxide,
44 effects . -Death due to fires,
. carbon dioxide, and low . .
Consequence |-Effects on road/ rail users and oxygen explosions, exposure to toxic [N.A.
assessment local population yeen. o substances.
. -Evacuation possibilities : . S
-Frequency of scenarios . . . -Evacuation possibilities(free
Evacuation time, Simple queue . . oo
fleeing distance, traffic jam)
model
45 -Social risk (F/N curve -Frequency for each scenario
. .. ( ) 4 Y -Expected Value
Risk -Individual risk=Expected value [-Consequence . . N.A.
. .. . -Social Risk (F/N curve)
calculation (number of fatalities per year) (number of casualties)

5. Risk monitoring
& evaluation

(France) evaluation of risk
levels obtained for a given set
of alternative routes

(Austria) threshold values for
tolerable and non-tolerable risk

Accident rate, number of
accidents, number of car fires
(private cars and HGV),
incidents

5.1 Risk-informed

decision making (France) ADR categorization N.A.
. (France) The least risky route .
32 Risk . (Austria) Threshold values for DlS.C ussefi sucl} a.s Duteh or Defined for tunnel users N.A.
acceptability Swiss Risk criteria

tolerable and non tolerable risk
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Table 2. Background rate[6]

Background rate[per 10°. veh. km)]
19921996 | 20012006 | eighed

mean

zone 1 0.2964 0.2700 0.2779

zone 2 0.2380 0.2400 0.2394

zone 3 0.1723 0.1900 0.1847

Accidents zone 4 0.0702 0.0800 0.0771
zone 5 - - 0.11082

zone 6 - - 0.17955

zone 7 - - 0.22232

zone 1 0.4131 0.3927 0.3988

zone 2 0.3570 0.2930 0.3122

zone 3 0.2575 0.2784 0.2721

Injuries zone 4 0.0993 0.1097 0.1066
zone 5 - - 0.16326

zone 6 - - 0.23415

zone 7 - - 0.31904

64

zone 1 0.0140 0.0087 0.0103
zone 2 0.0025 0.0084 0.0066
zone 3 0.0036 0.0091 0.0075
Fatalities zone 4 0.0066 0.0053 0.0057
zone 5 - 0.0045
zone 6 - - 0.00495
zone 7 - 0.00824
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Table 3. Ratio of severe injuries to light injuries[6]

Ratio of severe injuries to light injuries [%)]
1992-1996 2001-2006
12.4 6.8
14.1 7.1
15.1 7.1
13.6 8.4

weighted mean
8.5
9.2
9.5
10.0
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Table 5. Influence on change of speed from luminance

level[3]
Tunnel lighting Change in speed
Luminance [cd/m’] [km/h]
<05 -10
0.5~ 1 -1.5
1~2 -5
2~3 0
3~ 4 +2.5
4~5 +5
6~38 +7.5
> 8 +10
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Fig. 11. Accident modification factor depending on the
curvature (radius) and the speed limit[12]
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Fig. 12. Accident modification factor depending on the
longitudinal gradient in the tunnel[11]
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Fig. 14. Accident Modification Factor in dependency of

the velocity and the lane width[15]
3.3.11 B2 W =it

71 ol el AL

FHLLES} AT A 52 AL

EER:ERREEEREEEEEE R

d

3.3.13 Azt

=t "}\]Z_}:’,% }Eﬂ

g3l Basie. o] Akt @Al A8l oJa WA 2
& ARRAE 1551 9 2k 3 B A9



2 AWl RaDe o7 PHE A7

A0l 95402 e

3.3.14 MH|ASZE

A2 gde B 559 Ao gk x| xelt). o

AHAH o 99 HrHe g AL ofn, FR

zolt). o] A FEE B AaHENA A o) 5o
=y Ark A olFo] WA A

Eld A THE A ARaL Frof Ofgk A Zelth ¢]7]

gl 3t A= Table 6.3} Zth

MUl =5 tigk S-S AlRte7] f1eiA

i

2]
2]

R

k1
fitl
b E
of
re
-1
o
~
S
S
N
2
X
rlr
jales
)
)
tjo
>
o
o

Table 6. Influence on change of speed from luminance
level[16]

Vehicles per hour

1 lane 2 lanes 3 lanes

Type A Free Flow <700 <1,170 <1,650

Reasonably

Type B free flow

<1800 | =2,090 <3,025

Type C Stable flow =2,200 =2,850 =4,125

Approaching

Type D unstable flow

<2800 | =3420 <4,950

Type E Unstable flow <3,200 <3,800 <5,500

Forced or
breakdown
flow

Type F >3,200 >3,800 >5,500

2 o o KM
N
(Lo

r 3
2

o r
EH\J
2

Mo MN o
)
4
o, o
=%
o
ek
k5
lls

2 1-\H( ﬂf{g
_04 [ = | N
Olﬂ ;; o}‘: :Fn
oy
(il
A

o
ol
=

69

A S AAE Fol B AUATI FT E
£ QPRI Qi HaATRE A shtel A 9l
£ A% AdolFe] Q1 Avke A BT Aol
$AE A v g A4 WAl Gelo] B 5 gl ¥
Ag BAL AE Aol F7kke A5 Aduel 4
AHEE AW SERE Y W 9% 0L g

TP W GGl AolFe BAHoR Wy
W, o2 e A HEe] F74E xewh 93 ¥
o] old] g o £t

3.3.16 AtDH7|¢+ AMF

ST AMFE ARLFAASE YEdch dub
2 okl A AWl oY, Fig. 49 HIEYIGNA A
of 2§} AA B g 37t
== AMFE A2 117) A2
=8 Y3 /gt o)y
FAASE U3 o
AMFE AL AFe] BEE

Ao BEdgs wt

B
>

12

ek

o
T = R

of
-

N
B
)
o

o
2
1
tlo o
~
>
op
ol
E 2
~ o
>,

=

R

k'

N>
Al
B

i
ox

N

A

o

4l

s

of
of
Qo
X
i)
HU m'{ﬂ:

ro, o
o

£ &

aHHE A

i
=2

rO

>

1>

o to,
lo

o, ﬂ‘
=%

dr b

b 1>

e
i1t

X,
tjo
e
L

>

12 o
=)

e
il
lo,
ox
ful

N

!

i
_O|L
N
i)
oL
LY
for
£

Lo T o
e
1o
R O
>
N

b

[t e
dot
i
ox,
o,
zl:é‘

N
By
2 O

Meorle

2

[
patk
rlo

i}
o2
e

Yo oo o rff rh bEoMz

ot
uj
rir
PO
o
~N
i
o
)
o
=

ek

3.3.17 Al 8-,

SE "ANLE, FAE-, A
G} A &ol FEETh
Hol WO s AlILE, S,
Hodg, APE ] BV Ak

AL A ZRA =

ir
0
m:llo
>
o=}
|
T
I Hl

_,~
otk
o
Mz

o
il
i K
In
iy
o

j
3

bl
> o
R i,
ol

>
R
O
U oo
)
X
-
o

S

Ml ol
il

2

»
m
1o

52
i
K

3.3.18 Al E, 245,

Xl digk A= AeEA



FFAE &= BA) AT A45, 2016

0
o
>~
>
o
=}

3.3.20 XK 1% ZBoIN JIoIs AT

gl o 714 AT e A a0 GFL
S % AYS B LagH 8 7w g
AL S, SMW 8, 30MW 34 2 100MW 3}A]
P BFE s SR e B4

Al S

lo

3.3.21 g5t=

Eide] datg2 Bd shAle] A7l B A% o

&5 3 5 vk B Ul dakee AN A 3
7} Aol 7F shAetEell 7)1 xske] 37hE, (PIARC,
19992 #H=zsd 8349 Het 3,000~

dat
=

o

<>

A= [e] o)
FAS 218 A

7,000 MJZ 7}A %3, km @ 2= 2
2 Ake] Hledt F454 wAll Ak

3.3.22 gzt
o]2] Ao X (UPTUN, 2006) =2E0] 7Fs3H3k 2}
Qhell M2 e dEshe Zles gk 7] =

B
It
o

fo
2
>
Rl o%

R

=
S~
>
o m o 2
= 2o
$ L ©

=
ox
-
=
©,
X

70

Aol Al ths) 8o G MAA etk 2e
oF % glrk,
e

B ARSAE Al &2 A W =S
w7l B W Abre] tiy] gEE S 5 9
=5 etk WgEd] FE AL
A a2 FAE.

7] Al=" gy ghEe] geixint shute] 2%
spAle} Aot Bd stk

e

S
AeTE agHow
7] Alzdo]l Hue ES S7HE Atk E49
Aol uhet S0 7] AlaEe gy FEe g4

L E237E A9 gtk

Table 7. Influence of the distance of the emergency
distance on the probability to escape[3]

Distance to the emergency exit [m] Factor

0~ 150

0.1

150 ~ 350
350 ~ 650

0.4
0.7
1.0

> 650
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