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e o= Privata cai rCQF)

Véhicule particulier (C11)
VR § / =

400

1200 B0O 400 0 0 400 B0O 1200
temperature [°C)
Figure 2.4.1 - Maximum lemperatures Figure 2.4.1 - Temperatures maximales
in the cross-section of the tunnel dans fa section trans versale du tunnel
during tests with road vehicles [20] lors d'essais avec des vehicules routiers

(2]

= 5 & O 5 \E i=] S =
a9 21 AFEA APS T3 HE iR ddd 2= SAAY
E 1200 i, Hoavy goods
wvehidle (HF1) .
£ 1000 |—o— Public bus B1) Poids lourd (HF1)
-E ——Plastc car (C21) Autobus (B11) _
3 BOO |—C—Private car (C11) . . rggﬁ;e en matiére plastique
o | = & i
-150 -100 -50 0 50 100 150
distanca to fire load [m] Distance de l'incendie (m)
Figure 2.4.2 - Temperalures maximales Figure 2.4.2 - Maximum [emperalures
au niveau du plafond du tunnel in the cefing area af the funnel
lors d'essais avec des vehicules routiers [20] during les! s with road velicles [20]
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T 24 7t5o] Awtw EUsA AnAL
Cases of fires
o — Average Passenger cars Lorries All vehicles
Country Tunnel n'? & o irad annual traffic Rsate Rsate Rgte
(ml " [10° vehiyear] | number | [19° Ve | numper [ [19° VeN | yumper | [10° veh
X km] X km] X km]
- Ville-Marie 2800 | 1988 - 1991 28.5 - - - , 0.3
Canada |- L. Hippolyte 1400 | 1987 - 1991 400 0 0.0 0.0 0 0.0
Lafontaine
_Croix Rousse {BOD | 1985 - 1991 294 3 20 0 0.0 3 18
France |- Fourviere iBOD | 1985 - 1991 34.9 7 18 19 8 18
- Vieux Port 500 | 1989 - 1994 23.9 6 20 0 0.0 3 1.8
3300
Germany |- Elbe (with | 1990 - 1991 37.0 13 6.3 9 246 22 9.0
ramps)
- Benelux 1300 | 1986 - 1988 25.0 0 0.0 0 00 0 0.0
Netherlands | o on 1200 | 1986 - 1988 30.0 0 0.0 0 0.0 0 0.0
Norway |- Oslo iBOD | 1990 - 1993 18.3 - - 20
~Fredhall 200 | 1987 - 1991 368 0 0.0 0 0.0 0 0.0
- Soder 1100 | 1987 - 1991 256 - = - E 0.7
Sweden | L ara 500 | 1987 - 1991 96 - . ’ = 15.5
- Karlberg 500 | 1987 - 1991 96 0 0.0 0 0.0 0 0.0
United
Kingdom |- TYne 1700 | 1987 - 1992 9.7 Z . - 250
~Brooklyn 3200 | 1989 - 1991 21.0 - - - - 23.0
USA Battery 2800 | 1989 - 1991 26.4 - - . - 14.0
- Queens 2500 | 1987 - 1991 38.3 - y - - 15.0
Midiown
- Lincoln
¥ 25 Ztaeo] m&wE EdstAl AlaAld
Cases of fires
Average passenger cars lorries all vehicles
Flow of Length Years annual traffic rate rate rate
Count Tunnel s1ed
traffic ounry e [m] inquired [10° number | [10® veh|numbe | [10® | number| [1¢®
vehlyear] X km] r veh veh
X km] X km]
Dullin 1500 | 1984 - 1991 7.3 1 16 0 0.0 1 13
France |Vuache 1400 | 1990 - 1993 48 1 30 0 0.0 1 20
Chatillon 700 | 1990 - 1992 6.0 1 104 0 0.0 1 8.0
il St. Germain de Jous | 1200 | 1990 - 1992 6.0 0 0.0 1 34 1 8.1
| traffic Portugal |Aguas Santas 300 1991 76 0 0.0 0 0.0 0 0
Karra 400 | 1987 - 1991 77 0 0.0 0 0.0 0 0.0
Sweden | sorvik 200 | 1987 -1991 T 0 0.0 0 0.0 0 0.0
Askloster 300 | 1987 - 1991 40 - - = - . 19.0
| Peren 2900 | 1987 - 1991 30 0 0.0 0 0.0 0 0.0
Austria | amberg 3000 | 1987 - 1991 54 0 0.0 0 0.0 0 0.0
Prander 6720 | 1985 - 1988 3.6 5 3 = - y 0.7
X L'Epine 3100 | 1984 - 1991 5.8 1 06 1 400 2 11
bidirectional L oe | chamoise 3300 | 1988 - 1992 8.5 1 1.5 5 | 226 6 6.8
traffic Hvaler 3800 | 1989 - 1990 02 0 0.0 0 0.0 0 0.0
Norway |Flekkeroy 2300 | 1989 - 1990 0.3 0 0.0 i 0.0 i 0.0
Ellingsoy 3500 | 1988 - 1990 1.1 0 0.0 0 0.0 0 0.0
valderoy 4500 | 1988 - 1990 0.9 0 0.0 0 0.0 0 0.0
Sweden |Windo 500 | 1987 - 1991 16 0 0.0 0 0.0 0 0.0
| Arberg 14000 | 1987 - 1991 17 . = - - = 25
Austria | Katschberg 5400 | 1987 - 1991 39 0 0.0 0 0.0 0 0.0
Tauem 6400 | 1987 - 1991 45 0 0.0 0 0.0 0 0.0
ot Frejus 12900 | 1980 - 1991 1.0 3 35 6 127 9 8.6
tunnels with | TS | aont Blane {1600 | 1985 - 1992 1.9 4 15 17 | 129 21 5.4
bidirectional | Japan | Kan-etsu 11000 | 1985 - 1995 73 13 15 = = = =
traffic Gothard 16900 | 1981 - 1987 37 - - - - 3.0
Switzerland | Seelisberg 9300 | 1981 - 1987 42 - ~ = . 2.0
San Bemardino 6600 | 1968 - 1987 17 - . . 5.0
Belchen 3200 | 1978 - 1986 11.0 - = e : 1.0
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¥ 26 223G = v siALg

Year Tunnel Plate A Vehicles at origin of fire Probable cause Dzt ioni T Com?equenc--s on
country of fire People Vehicles Tunnel
1949 Holland Mew York 1 lorry loaded with 11 t of load falling of lorry 4h 66 injured 10 lorries serious damage for 200
L=2550m [USA carbon bisulfur smoke inhalati 13 cars m
1968 Moorfleet Hamburg 1 lorry trailer brakes jamming 1 h 30 mn | none 1 trailer serious damage for 34 m
L=243m Germany {14 t of polyethene bags)
1975 Guadarrama Gua_darrama I_Icrry Ie_:aded with tanks of unknown 2 h 45 mn | none 1 lerry serious damage for 210
L=3330m [ Spain pine resin m
1976 B& Paris 1 lorry Iaa_ded with 16 t of unknown 1h 12 sligl‘_ﬁ 'miL.!red 1 lorry damage for 150 m
L=430m France polyester in bundles smoke inhalation
1978 ‘elsen Velsen 2 lorries + 4 cars front-back collision 1 h 20 mn |5 dead 2 lorries serious damage for 30 m
L=770m Netherlands S injured 4 cars
1979 Nihonzaka Shizuoka 4 lorries + 2 cars front-back collision 4 days 7 dead 127 lomies serious damage for 1.100
L=2045m [Japan 2 injured 45 cars m
1980 Kajiwara Japan 1 truck (4 t} with 3.600 | paint | collision with side wall and 1 dead 1 truck (4 t) damage for 280 m
L=740m in 200 cans + 1 truck (10 t) gverturning 1 truck (10 t)
1987 Caldecott Oakland 1 lorry + 1.coach + 1 car front-back collizsion 2h 40 mn |7 dead 3lormes+4cars | serious damage for 580
L=1028m |USA 33.000 | of petrol 2 injured + 1 coach m
1983 Fréjus Modane 1 lorry loaded with plastic gear box breaking 1 h 50 mn | none 1 lormy serious damage for 200
L =12.B68 m | France-ltaly [materials m
1984 Felbertauern | Austria 1 bus blocking brakes 1h 30 mn |none 1 bus Garr!age to ceiling and
L=5130m equipment for 100 m
1984 Gotthard Goeschenen |1 lorry loaded with rofls of fire in engine 24 mn |ncne 1 lorry serious damage for 30 m
L =16.321 m | Switzerland plastic
1987 Gumefens Bem 1 lorry mass collision on slippery road 2h 2 dead 2 lorries slight damags
L=340m Switzerland 1 van
1993 Serra  Ripofi | Bologna 1 ear + 1 lomy loaded with vehicle out of control and 2h 30 mn |4 dead 4 lorries serious damage to lining
L=442m Italy rolis of paper collision + injured 11 cars
Gotthard Goeschenen |1 lorry + trailer loaded with friction wheel! 2h none 1 lorry + trailer | serious damage to ceiling
1904 L=16.321 m |Swilzerland bikes wrapped in carton and | loading bridge pavement and eguipment
plastic for 50 m, tunnel closed for
2.5 days
Pfander Austria 1 lorry + 1 van + 1 car colfision ih 3 dead 1 lorry serious damage to ceiling
1995 [L=6719m {by crash) 1 van and equipment, tunnei
1 car closed for 2.5 days
Isola deile Italy {Sicilia) |1 tanker with liquid gas + wet road collision of a bus with | unknown |5 dead (by fire)| 1 tanker damages to the tunnel
1986 | Femmine 1 little bus a tanker (stopped because of a 20 injured 1 bus lining and lighting
L=150m previous collision), explosion 18 cars equipment
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% 28 HUsAe A ZAd e shae 54

st d A 54 1y A 54
B g Z % (Tunnel structures) 2 - A 7ZH(temperature—time curve)
Hear Release Rate (thermal power, MW) E+ Smoke

A} 1441 (Ventilation) Release Rate (flow at the temperature of hot smoke,

m?>/sec)

a9 29+ PIARC X 114 (Fire and Smoke Control in Road Tunnels, 1999)2] 2| 3}

e T A7 Aoy, =& JFel HE Yol 6m/secE E7I7F U2 A
4

%, Hde EFY PO o 100m ARAA WA L2t ;AT FFQ F 40T F
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ERDES
2 oEdY 399 wAE 5 HdTREd AP FRl wd gl Hu exg

e
Poids lourd {HFT)
800 ~PubllcBUs , opus (B711)
~-Plastic car \\,jtyre en matiére plastique

A ~o=Prlvate car (C21)

Vehicule particulier (C17)
g ~ } e
@ g ‘

400

1200 8OO 400 0 0 400 BOO 1200
temperature [°C)
Figure 2.4.1 - Maximum lemperatures Figure 2.4.1 - Temperatures maximales
in the cross-section of the wnnel tans la section transversale du twnnel
during tests with road vehicles [20] lors d'essais avec des veficifes routiers

20

a9 29 skA AE Ay g WHe &% =4 ZA3-3dH(Fire and smoke control in

road tunnels, PIARC Committee on Road Tunnels report, 1999)
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E 1200 —— m goods
2 1000 |- Pumi:gf éu Poids lourd (HF 1)
-E —— Plastic car (C21) Autobus (B11)
L Vorture en matiere plastigue

o BOO |=0=Prvate car (C11) e
E 600

400

200

0 : ’

-150 -100 50 O 50 100 150
distance to fire load [m] Distance de I'incendie (m)

Figure 2.4.2 - Temperatures maximales Figure 2.4.2 - Maximum femperalies
au niveau du platond du tunnel in the ceifing area of the tunnel
lors d'essais avec des vehicules routiers [20] during lest s with road velficles [20]

a9 210 A Ad 2y He UyHe % 54 A3-FIW(Fire and smoke control in
road tunnels, PIARC Committee on Road Tunnels report, 1999)

AA F2REe] FJAZEE 120MW7HA] 18d AL AFstz o, F8&st= FHu

thermal powerw= 2&e] &5, fld=o] F4, dasE R AA Go 9F= Lerh =9

2ol Agols Aol et FFe £E MFNE S SAE TS 21 ol
o] e} #Zo] Hofo A folli= 245MW7HA] HEZ 5 gtk
Table 2.4.2 - Effect of lzakage diameter Tableau 2.4.2 - Eftet du diamelre de |2 fuite
and drainage rate &l du taux de drainage sur ia laifle d'un incendre
on the fire size of petrol tankers [43] a0 & un camion cieme d’essence [43]
Calorific power [MW]
Equivalent E.Eﬂki;lge mass Drainage mass flow of petrol
: oW
diameter
of leakage [mm] of petrol 0 kgls 1kgls 2 kg's 5 kgls
[kais]
15 0.5 2 - - -
35 27 120 76 33 -
50 5.6 245 201 158 27
Diamétre Débit massique 0 kg's 1kg's 2 kg's 5 kg's
equivalent de la fuite - - . Y
de la fuite fmm] | d’essence [kg/s] Debit massique de drainage de 'essence

Puissance thermique [MW]
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¥ 210 =2HY FxE9 Yt 7+

NUMBER TUNNEL IN TUNNEL EXIT
CATEGORY  VEHICLES 'm"’ UNSTABLE INSTABLE 5 ccnu':m AR DUCTS TO m?g:fm SHELTER
INVOLVED GROUND GROUND OPEN
] o 180 IS0 il = 150 150 50 150
&0 min B0 min B0 min 30 min B0 min S0 min
: 23 180 80 " o 120 150 120 10
&0 min B0 min 80 min a0 min 80 min &0 i
i 4 i RWS/HC,. | RWS/HG, - & 150 180 RWS/HC, | RAWS/HC,_
2 hrs, 2 hrs. 2 hrs. 30 min 2 hrs, 2 hrs,
SE o RWS/HC. | RWSFHG, a a 150 180 RWS/HG,. | RWS/HG,
: Shs, Ihrs, 2 hrs. a0 min 2 hrs, 2.

(i) 14 2 71Eol obd™ W (I B4 S BA A& &84 =tk e =

FAE B, sk Al AlgE WS S)E ayshd vk 22 a3 ¥AE 4 i

(iil) S+ 7lEe]l oty Wspd e a7ehA Feth(Ad A B3 gA A9 vE 54
st S 2 8 AN o] mAE = Qlrh

o Ao HE(HAE otg HYE 9 §) e E2 UEYI T JFS vHE vgd
3% RWS/HCinc 120+

o TjFto] 7% ISO 120+
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doll ek A&l TR B ago] oIS Aow Y|vH.

] 2012 2013 2014 2015 2016
2] o — — — —
St AR a2l Rl 2097 % 2584 % 2744 = 214 = 2604
CREaEET
4 |134% | 8 | 319% | 9 |33% | 15 | 55% | 24 | 9.2%
(A Ef 9h)

T F79)

o 7 1 23% | 11 | 43% | 15 | 55% | 11 | 41% | 1 | 04%

A o

18 160% | 25 | 97% | 19 | 69% | 16 | 59% | 17 | 65%
(S2m] <)
A e
50 | 1979% | 19 | 74% | 5 | 18% | 4 | 15% | 29 |11.2%
Greranz)
AHA kA
116 |388% | 116 | 45.0% | 152 | 555% | 127 | 46.9% | 131 | 50.4%
GRS
Z}A| 3}
(Blolol = | 21 | 70% | 61 | 236% | 63 |230% | 80 |295% | 37 |14.2%
7] E})

9% 39 W9 | 13 | 43% | 4 | 16% | 4 | 15% | 11 | 41% | 6 | 23%
A5 2= | 0 | 00% | 4 | 16% | 2 | 07% | 4 | 15% | 0 | 0.0%
A= == | 20 | 67% | 2 | 08% | 4 | 15% | 2 | 07% | 10 | 38%

e 5 | 17% | 8 | 31% | 1 | 04% | 1 | 04% | 5 | 19%
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N AF wE T 19ubf tiH] = 100km© ZF A s AbaL (/% Rk -100km)

Ads, s3] A7k oF 9.0/ - 100km o2 A% 2.171/9 7] -100km 2 o3

3E 35 7 Ax(2012720169) wE B ostAAb L A

T 2012 20134 2014 20154 2016 5zt
aE 2 ()
S Bl 1,873,960 | 1,976,915 | 2,051,805 | 2,182,070 | 2,275,565 | 2,072,063
- % 90,419 88,781 84,294 83,214 79,314 85,204
ik 207,344 275,782 285,323 302,234 316,355 287,408
T FHF 2,221,723 | 2,341,478 | 2,421,422 | 2,567,518 | 2,671,234 | 2,444,675
sAfAFAL (7)
Eals) 207 182 189 196 200 195
<% 28 37 36 47 24 34
e 38 36 44 27 30 35
T wE T 1k o] 4 2k spAgAbaL (19 ek
Eals] 93.2 77 78.1 76.3 74.9 30
<% 12,6 15.8 149 18.3 9.0 14
e 17.1 154 18.2 10.5 11.2 14
g AL weF 1Rt tin] 2z 2 shAjAbaL (/2 ek)
Eals) 110.5 92.1 92.1 89.8 87.9 94
<% 309.7 416.8 427.1 564.8 302.6 404
e 147.7 130.5 154.2 89.3 94.8 123
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3 36 A" TRE wEF 92 =A4(100km) thH] sPAARIL dg 242 0
T 20124 20134 2014 20154 20161 5{%t
a-sF (h)
- B 1,873,960 | 1,976,915 | 2,051,805 | 2,182,070 | 2,275,565 | 2,072,063
1;; <% 90,419 88,781 84,294 83,214 79,314 85,204
ik 257,344 275,782 285,323 302,234 316,355 287,408
TuE 2,221,723 | 2,341,478 | 2,421,422 | 2,567,018 | 2,671,234 | 2,444,675
AEER =4 100kmT AL (31/100km)
S 4.60 4.04 4.20 4.36 4.44 4.3
% 0.62 0.82 0.80 1.04 0.53 0.8
IR 0.84 0.80 0.98 0.60 0.67 0.8

T e 19gd o] =4 100kmT ZF AFE s AL (/9 REe-100km)

e 2.07 1.73 1.73 1.70 1.66 1.8
<% 0.28 0.35 0.33 0.41 0.20 0.3
e 0.38 0.34 0.40 0.23 0.25 0.3
g 2L wEF 19 B =4 100kmE ZF A StA AL (71/9 9o - 100km)
Eals] 2.45 2.05 2.05 2.00 1.95 2.1
% 6.88 9.26 9.49 12.55 6.72 9.0
e 3.28 2.90 3.43 1.99 2.11 2.7

BdelAe vpi7iA e B9, fxapy e gA44F 5 380 g g
Foehe Aol Wdstel B W Aol g B2 AR A9 fdsAe] fdd St
shar AR TiEf, 2019). E3 B2 $3F 54744 olwa @77 2Este] sha 2 A
o7k i an Azl ojgk Aol fjdde] Esk, sAfet 22 9dF A Al v
T e BT dge] oy HY URdAME 45 4R wgo] Zedit) uhEhA
AT Gl whe wEgAtae] f1gde] wu 53 =
od w I ds= ALY Fol @ Adow A (H o, 2019). HENA RAs= 5

A= HEe dol, e, S 29a U gl Sl B d¥S von Fa 3y 9
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50,000
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w178 = SR A
43,413 ' 42,338

38,659

40,000

30,000

SH A H ()

20,000

10,000

2016 2017 2018 2019 2020

S 33 H 59tk A F SAMAAS 2 A% SALA ARETEAE, 2021)
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37 MR E(EZEE WAV AR B B AN (SRS, 2021))

T L =82k H 2 s}&=; Al
2009 1,940 386 1,391 3,717
2010 1,849 389 1,386 3,624
2011 1,787 355 1,379 3,521
2012 1,739 351 1,392 3,482
A A 2013 1,622 320 1,374 3,316
(7/4) 2014 1,477 300 1,401 3,178
2015 1,539 268 1,485 3,292
2016 1,529 281 1,415 3,225
20143 (59 71) 8,937 1,801 6,922 17,660
20173 (54 71) 7,906 1,520 7,067 16,493
2009 186,325 24,213 57,644 268,182
2010 184,631 22,741 58,647 266,019
2011 183,853 21,882 55,395 261,630
2012 194,705 18,355 59,628 272,688
FAA 2013 194,281 21,564 61,570 277,415
(106Veh-km) 2014 205,518 20,737 60,472 286,727
2015 212,721 19,818 62,372 294,911
2016 224,024 19,857 63,68 307,569
20143 (5974 | 943,795 109,755 293,438 1,346,983
20173 (597 | 1,031,249 100,331 307,784 1,439,364
2009 1.04 1.53 2.41 1.38
2010 1.00 1.71 2.36 1.36
2011 0.97 1.63 2.47 1.35
R 2012 0.89 1.91 2.33 1.28
A E 2013 0.83 1.48 2.23 1.20
2014 0.72 1.45 2.32 111
(21/fkm-Veh) 2015 0.72 1.35 2.38 112
2016 0.68 1.42 2.22 1.05
20143 (54 71) 0.95 1.64 2.36 1.31
20173 (54 71) 0.77 152 2.30 L15

312 1& 52 3AQALY FELUETS BA49

0079 R 2017544 DEEZNA AT AL BF AFEAS FASGAT
AnARE FFEZIAY A AnzAd dolHE szE Bestgon, BAR Ao
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¥ 310 2522 yJFIaE Arnd3(FHaE 5, 2018)
AE AWAbL | S | fEARSL | SAREASL |
P 28438 557 0 0 28.99%
O O (e}
98.1% 1.9% - - 100.0%
A/A 0 (%8 182.2 36 0.0 0.0 185.7
- 2,302 115 0 2507
2= 35} F=3 ) y
& RA 95.4% 46% - - 100.0%
A/AN (&) 285.4 127 0.0 0.0 299.2
o 13235 775 822 6 14,333
oln A= 2k ) )
AbehE A 89.2% 5.2% 55% 0.1% 100.0%
A/A (st e) 221.7 13.0 138 0.1 2486
BEER] 1 7 52 3 63
AYED | owmaa 1.6% 11.1% 82.5% 4.8% 100.0%
I A3d=4 5 0 10 1 16
szzger | 313% - 62.5% 6.3% 100.0%
A/ANS1EEA) 15 183 158 0.3 19.9
et 421 2 0 0 449
93.8% 6.2% - - 100.0%
a4 44,492 1,482 884 10 46,363
H 94.9% 3.29% 1.9% 0.1% 100.0%
W QstarT O aprALT Oe&Atn O s+ &t AR
1.2
1.00 1.00 1.00
1
0.84 0.83
i 073 o8 0.75 :
i 0.61 0.62
0.6 o
0.39
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0.00
0
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AN E AZ(F/N curve)E 18X 3}sto] o]l 5 AL A 98 = (Societal Risk) 713} H]
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