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NEED FOR FIXED FIRE FIGHTING SYSTEMS IN ROAD TUNNELS

Diana Makedonska, Michael Michaylov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia

ABSTRACT. Road tunnels with heavy traffic are expected to have in place specific emergency measures for prevention and mitigation of effects of road accidents
and other critical events associated with fires which might endanger human life, tunnel structure and facilities or cause environmental pollution. It is known that risk
management in the event of road tunnel fire cannot be ensured solely by means of emergency ventilation. Fire control systems can save human lives and maintain
acceptable environment for evacuation of tunnel users. Fire impact mitigation and reduction of heat release rates are essential also for preservation of tunnel facilities.
The purpose of this work is to assess fire dynamics in road tunnels taking into account response time of Fire & Rescue Services and to provide rationale for the use of
fixed firefighting systems therein as well as for the need of training of Fire & Rescue personnel involved in suppression and rescue operations in these underground
sites.
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HEOBXOAMMOCT OT CTALIUOHAPHW NOXXAPOIACUTENTHU CUCTEMU B MbTHU TYHENU
Juana Makedoncka, Muxaun Muxalinos
Murto-eeonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. B nbTHUTE TyHeNM ¢ ronsim Tpadvk ce ovaksa NpesnpuemMaHeTo Ha KOHKPETHU aBapuitH MEpKW C LN a ce NpefoTBpaTaT U orpaHuyaT nocneauuute ot
MbTHOTPAHCMOPTH NPOUSLLECTBUS U APYTU KPUTUYHW CbONTUS, CBBP3aHM C MOXapy, KOUTO MOraT [ja 3acTpallaT YOBELLKUS KMUBOT, KOHCTPYKLUMSITA N CbOPBXEHUSITA
B TyHemna unv Ja npeausBukaT 3ambpcsiBaHe Ha OKonHaTa cpefa. /3BeCTHO e, Ye yrpaBNEeHWETO Ha pucka MU Bb3HUKBAHE HA NOXap B MbTEH TYHen He ce
ocurypsiea B Heobxogumara CTeneH camo C W3non3BaHe Ha aBapuitHa BeHTUnaums. CucTemMuTe 3a KOHTPOM Ha MoXapu MoraT Aa CracsiT YOBELLKWS KWBOT, kaTo
3aMassT HACKO HYBOTO Ha MOLLHOCTTA Ha NoXapa M NOALbPXAT NpuemMnnBa Cpeda 3a eBakyauus Ha MbTHULWUTE B TyHena. OrpaHu4aBaHeTo Ha pasMepa Ha noxapa
V1 Ha TeMna Ha HapacTBaHe Ha HeroBaTa MOLLHOCT MMaT 3HauuTemNHa Nnoraa v 3a ona3BaHe Ha TEXHUYECKUTE cucTemu B TyHena. LlenTa Ha HacTosilwata paboTa e fa
Ce Npocreau AMHamuKaTa Ha NoXapuTe B MbTHU TYHENW, kaTo Ce OTYeTe BpeMeTo 3a peakuws Ha cnyxbute 3a MB3H u ce obocHoBe HeobxoaumocTTa OT
W3MON3BaHETO Ha CTALMOHAPHM MOXaporacuTenHM CUCTEMM B TSIX, KakTO M 3a MpoBEXAaHeTo Ha ofydeHue 3a MoadbpxaHe W akTyanuaupaHe Ha TakTudeckaTa
noaroToBka Ha cbetasa oT PCTMB3H, ocbluecTBsBaLL, NOXaporacuTeNHa U aBapuitHo-CiacuTenHa AeNHOCT B Teal NoA3eMHMU 0GeKTH.

KniouoBu AYMU: TYHeNN, AMHaMUKa Ha noXxapu, CTalUoHaPHN NoXaporacuTenHu cuctemn
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Fire dynamics is essential for the design of emergency
ventilation mode, fire alarm and fire suppression in tunnels. It is
described by the time of growth tg, until reaching of stable
burning at maximum rate tmax, and time of decay td,
associated with fire load of design fires as detailed in Table 1.
Fires where no fuel spills are involved could reach high heat
release rates as well. For instance, a fully loaded heavyweight
vehicle catching fire may reach a heat release rate of 100 MW,
albeit in longer growth time (Fig. 1) until reaching the maximum
heat release rate HRRmax (Michaylov, Makedonska, 2017).

uricontrofed fwe

suppression

acceleration

drencher activation

heai refease rate [T

— docay
dreticher-conirofied fire

0 time

Table 1. Fire dynamics scenarios Fig. 1. Fire development stages
HRRmax Duration of fire stages [min] Fire load
[MW] tg tmax td [MJ] There are several methods of calculation of heat release
8 5 25 20 18 000 rate of a material. It may be defined by the formula:
15 5 60 15 63 000
30 5 0 45 50 000 -m" —kpD
30 10 50 30| 125000 Q=m"AHC,; (1-€™"") Ay (1)

100 10 60 20 450 000
200 10 60 30 960 000 where: Q — heat release rate [kW]

m" — mass fuel burning rate per unit area [kg / m2.]
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AHc,eff - effective fuel burning heat [kJ/kg]

A =A,, -fire area (area where evaporation occurs)) [m?]
ks — empiric constant [m-"]

D - fire diameter (diameter involved in evaporation,
assumed to be a circle), [m].

The heat release rate, HRR is a major characteristic of fire
dynamics. It predicates generation of undesired effects of the
fire and its products which increase as HRR increases. This
means that toxic gases, smoke and other fire hazards increase
in parallel with heat release rate (table 2).

Comprehensive study of dynamics (HRR in time) of design
fires may help prevent human life hazards and property
damage.

Table 2. Burning data of different fuels

m" AHc,eff )
Fuel komes] | [kkg | @M

Benzene 0.055 43700 2.1
Kerosene 0.039 43 200 3.5
Diesel 0.045 44 400 2.1
Transformer oil 0.039 46 000 0.7
Crude
petroleum 0.0335 42 600 2.8
Lubricant 0.039 46 000 0.7

Tunnel fire risk is evaluated on the basis of representative
statistical data about the frequency of road tunnel fires and
modelling of consequences of each individual design fire.
Design fire development and effects thereof constitute the fire
scenario.

It is known that any scenario of design tunnel fire is a unique
combination of events and is the result of certain set of
circumstances associated with passive and active fire
protection measures (Chochev, 2003). Design fire scenario is
defined in consideration of the following factors:

a) Tunnel geometry (cross sections, gradients, tube
connections, evacuation and service workings);

b) Type, size, dimensions, and location of ignition source;

c) Fuel type in the vehicle;

d) Fuel quantity and distribution thereof in vehicle
structure;

e) Type of combustible material — liquid, solid or gaseous
fuel;

f) Fire growth rate and time (Fig. 1, Table 1);

g) Maximum heat release rate of design fire (HRRmax) —
please refer to Table 3 and Fig.1;

Table 3. Dimensional severity of design fires

Vehicle tvoe on fire Maximum fire Fire load

yP severity, [MW] |  [GJ]

One car 5 11

2-3 cars 8 18

One van 15 63

Ong bus or light commercial 20 50

vehicle

Heavyweight truck without 30 195

dangerous load

I-!eavng|ght truck or 100 450

cistern with dangerous load

Clste(n with hydrocarbons 200 960

or trailer
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h) Tunnel ventilation system and design fire ventilation
mode for the scenario;

i) Weather conditions at tunnel inlet and outlet;

j)  Fire alarm activation — manual and/or automatic;

k) Firefighting installations (type, distribution), fire water
supply, foamer, and primary extinguishers (Haggkvist,
2009);

[) Human intervention for
emergency ventilation control.

fire suppression and

Response time of Fire & Rescue Services

Table 4 presents information about tunnels of length > 100
m on the territory of Bulgaria and their specific characteristics:
length, distance to the responsible Regional Fire & Rescue
Service, and travel time of fire vehicles to each tunnel.

Response time of Fire & Rescue Services is correlated to
the time of free fire development which is defined by the
equation (Stojanov, 2016):
tce = t().c + tu3 + t()e + t6.p (2)
where:

t,, — time to fire detection — assumed to be 2-3 [min] for fire

alarm installations, and 6 min for manual alarm;

t , - departure time of fire vehicle- 1 [min];

t,, — travel time of fire vehicle to the tunnel (Table 4);
ts,~ deployment time - from 3 to 5 [min] depending on

deployment area, fire location in the tunnel, and type of
vehicles and extinguishing agents used.

Fire detection time is essential for the start of evacuation of
tunnel users and the response of Fire & Rescue Services.
Major characteristics of fire alarm equipment include reliability
and accuracy of fire site localisation.

Smoke detectors fail to meet these requirements due to the
smoke spreading mode within the tunnel. Smoke spreading
may render difficult even for CCTV cameras to detect fire
location and follow vehicle travel in dense smoke environment.

In such circumstances, application of thermal cables with
semi-conductor maximum-differentiated  sensors installed
along the entire tunnel length is successful. The distance
between addressable sensors may be selected from 7 m to 10
m. Dire detection reliability is achieved by simultaneous
reaction of two sensors. The threshold value is set at two alarm
levels: maximum- for instance up to 50-600°C, and differential
— 30°C/20s. Thus, fire detection time of 120-150 s can be
achieved. Thermal-cable- based systems also allow for setting
of one pre-alarm level of maximum temperature and of
temperature rise rate. Reliability and accuracy of fire
localisation render thermal cables particularly suitable for
automatic switching of the ventilation system in emergency
mode and activation of drencher-type fire suppression system.
This is mandatory for tunnels without operative management
on site.

In recent years a great deal of research has taken place
internationally to ascertain the types of fire which could occur
in tunnel and underground spaces. This research has taken
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place in real tunnels, in laboratory conditions, and via
numerical modelling. As a consequence of the data obtained
from these tests, a series of time/temperature curves for the
various exposures have been developed as detailed.

Cellulosic time/temperature curve, as defined in various
national standards, e.g. ISO 834, BS 476: part 20, DIN 4102,
AS 1530 etc. This curve is based on the burning rate of the
materials found in general building materials and contents.

Standard curve - Standard fire tests to which specimens of
constructions are subjected, are based on the use of the

Table 4. Response time of Fire & Rescue

Distance b/n .
iniial | "€l | Regional F& | Regional FRS | avel | Time
Ne REGION TUNNEL ON ROAD Ne . length . time tes
kilometer R Service and tunnel . .
[m] lkrm] [min] [min]
1 SOFIA Vitinya RT- Hemus Highway 32+260 1195 Botevgrad 20.50 27.33 33.33
2 SOFIA Topli Dol RT - Hemus Highway | 39+562.30 883 Botevgrad 23.3 31.07 37.07
3 PLOVDIV RT RELOCATION OF 880 Devin 16 21.33 27.33
EXISTING ROAD 111-868
“DEVIN-MIHALKOVO’, tunnel
at Lyaskovo Village
4 SOFIA Praveshki Hanove RT - Hemus 54+672 834 Pravets 34 453 10.53
Highway
5 SOFIA Echemishka RT - Hemus 41+904 820 Botevgrad 9 12.00 18.00
Highway
6 SOFIA Trayanovi Vrata RT — Trakia 53+297 685 Ihtman 15.3 20.40 26.40
Highway
7 GABROVO 111-5004 “Detour of Gabrovo, 12+420 540 Gabrovo 10 13.33 19.33
Stage Three, Tunnel Ne 1, size
9/10.5 from km. 12+420 to
13+020
8 PERNIK Golyamo Buchino RT - Lyulin 14+680 490 Pernik 20.5 27.33 33.33
Highway
9 SOFIA Malo Buchino RT - Lyulin 7+712 440 06 Regional 13.3 17.73 23.73
Highway FRS
10 |SMOLYAN 1-86 97+079 421 Smolyan 5 6.67 12.67
11 LOVECH 1I-35 RT at Lovech 43+298 413 Pravets 23 30.67 36.67
12 |SOFIA Kashana RT - Pirdop- 380 Zlatitsa 15 20.00 26.00
DISTRICT Etropole Road
13 |BLAGOEV- Zheleznitsa RT on Road I-1/E- 370+430 360 Blagoevgrad 13 17.33 23.33
GRAD 79
14 |KYUSTENDIL | Levski RT- Struma Highway — 82+890 350 Rila 15 20.00 26.00
KocherinovoTown
15  |PERNIK Middle RT - Lyulin Highway 10+562 350 Pernik 25.8 34.40 40.40
16 |BLAGOEV- Kresna RT on Road I-1/E-79 388+848 343 Blagoevgrad 30.8 41.07 47.07
GRAD
17  |GABROVO 111-5004 “ Detour of Gabrovo, 28+930 290 Kazanlak n.a.
Stage Five, Tunnel Ne 4, size
9/10.5 28+930 to 29+020
length — 90 m and tunnel Ne 5,
size 9/10.5 from km 29+120 to
29+410
18  |KYUSTENDIL | Struma Highway 56+176 280 Dupnitsa 11 14.67 20.67
19  |KYUSTENDIL | RT on Road I-1/E-79 - 328+100 272 Dupnitsa 4 5.33 11.33
Dupnitsa
20 |GABROVO 111-5004 “ Detour of Gabrovo, 27+800 240 Kazanlak n. a.
Stage Five, Tunnel Ne 3, size
9/10.5 from km. 27+800 to
28+040
21 |PLOVDIV Konnika RT on Road I1-86 32+419 215 Asenovgrad 5.5 7.33 13.33
Asenovgrad-Bachkovo
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Distance b/n .
inital | """ | Regional F& | Regional FRS | avel | Time
Ne REGION TUNNEL ON ROAD Ne Ki length . time tes
ilometer R Service and tunnel . !
[m] lkrn] [min] [min]
22  |SMOLYAN RT on Road IlI-35 Grohotno - 83+488 178 Devin 10 13.33 19.33
Devin
23 |VELIKO RT Ne1 on Road I-5 Ruse- 103+524 178 Veliko 3 4.00 10.00
TARNOVO Veliko Tarnovo, Detour of Tarnovo
Valiko Tarnovo
24 |PLOVDIV Martvitsa-4 RT on Road 1I-86 33+426 165 Asenovgrad 6.5 8.67 14.67
Asenovgrad-Bachkovo
25 |GABROVO 111-5004 “ Detour of Gabrovo, 22+720 160 Kazanlak n.a.
Stage Five, Tunnel Ne 1, size
12/13.5 from km. 22+720
26  |BLAGOEV- RT at llinden Border 106+259 149 Gotse 20 26.67 32.67
GRAD Checkpoint on Road 1I-19 Delchev
Bulgaria - Greece
27  |VELIKO RT Ne2 on Road I-5 Ruse- 103+814 141 Veliko 35 4.67 10.67
TARNOVO Veliko Tarnovo, Detour of Tarnovo
Valiko Tarnovo
28  |PLOVDIV RT on Road I1I-866 Mihalkovo 97+793 132 Stamboliyski 22 29.33 35.33
— Krichim
29 |GABROVO Dyado Nikola RT on Road I- 150+814 112 Gabrovo 5 6.67 12.67
5/E-85 in Gabrovo
30 |GABROVO Dryanovski Monastery RT on 133+387 112 Dryanovo 7 9.33 15.33
Road I-5/E-85 between
Dryanovo and Gabrovo

The temperature development of the Cellulosic fire curve
(1ISO-834) is described by the following equation:
T=20+345xlog (8xt+1) (3)

Hydrocarbon curve - Although the standard curve has been
in use for many years, it soon became apparent that the
burning rates for certain materials e.g. petrol gas, chemicals
etc., were well in excess of the rate at which timber would burn
(SOLIT Safety of Life in Tunnels, 2012). As such, there was a
need for an alternative exposure for the purpose of carrying out
tests on structures and materials used within the petrochemical
industry, and thus, the hydrocarbon curve was developed.

The hydrocarbon curve is applicable where small petroleum
fires might occur, i.e. car fuel tanks, petrol or oil tankers,
certain chemical tankers etc.

The temperature development of the Hydrocarbon (HC) fire
curve is described by the following equation:
T=20+1080x (1-0,325 x e 0167 - 0,675 x e -251) 4)

Hydrocarbon Modified curve - Derived from the above-
mentioned Hydrocarbon curve, the French regulation asks for
an increased version of that Hydrocarbon curve, the so-called
HydroCarbon Modified curve (HCM).

The maximum temperature of the HCM curve is 1300°C
instead of the 1100°C, standard HC curve.

However, the temperature gradient in the first few minutes of
the HCM fire is as severe as all Hydrocarbon based fires
(RWS, HCM, HC), possibly causing a temperature shock to the
surrounding concrete structure and concrete spalling as a
result of it.
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The temperature development of the Hydrocarbon Modified
(HCM) fire curve is described by the following equation:
T=20+1280x (1-0,325 x e 0167xt 0,675 x e 25xY) (5)

RABT ZTV curve (https://www.promat-tunnel.com) - The
RABT curve was developed in Germany as a result of a series
of test programmes such as the Eureka project. In the RABT
curve, the temperature rise is very rapid up to 1200°C within 5
minutes. The duration of the 1200°C exposure is shorter than
other curves with the temperature drop off starting to occur at
30 minutes for car fires.

RWS (Rijkswaterstaat) curve - The RWS curve was
developed by the Rijkswaterstaat, Ministry of Transport in the
Netherlands. This curve is based on the assumption that in a
worst-case scenario, a 50 m? fuel, oil or petrol tanker fire with a
fire load of 300 MW could occur, lasting up to 120 minutes.
The RWS curve was based on the results of testing carried out
by TNO in the Netherlands in 1979.

Figure 2 presents comparison of the Standard
time/temperature curve 1SO 834 and various curves defining
tunnel fire development.

The comparison between the response time of Fire &
Rescue Services (Table 4) and the fire curves (Figure 2)
characterising ire dynamics leads to the conclusion that
firefighting in the tunnels under review may only commence
after fires have reached maximum heat release rate, i.e.
firefighting would proceed at reduced effectiveness and
efficacy.

In support of those arguments, results of foreign studies may
be pointed out as detailed on Figure 2.


https://www.promat-tunnel.com/
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Fig. 2. Fire curves describing fire dynamics
Tstandard — Standard time/temperature (cellulosic) curve;
Thydrocabon  — hydrocarbon curve in North  European
countries;
Trws — time/temperature curve used in Dutch regulations;
TragtizTv — curve according to the German Directive on

tunnel equipment and operation;
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The issue under review is further aggravated by the fact that,
in the event of fire, the tunnel ventilation will be increased to
ensure safe evacuation of those present in the tunnel thus
increasing fire severity.

Figure 3 provides graphic illustration of the data presented in
Table 4 demonstrating that, in 29% of tunnels in Bulgaria, Fire
& Rescue teams would start firefighting up to the 15t minute
after receipt of fire notification. In the remaining 71% tunnels
located in the country, firefighting would start after the 15t
minute from receipt of fire notification when fires would have
reached maximum severity.

30%

29%

£ go 15 min

B 15-30 min

E30-60 min

41%

Fig. 3. Response time of Fire & Rescue Services in the event of
tunnel fire

The aforementioned circumstances call for tunnel protection
by a water-based fixed firefighting system or other suitable
means for creating a favourable environment for safe
evacuation and access to emergency help. Such need is
supported by the short time of fire growth (Fig. 2), after which
suppression becomes more difficult because it is impossible for
firefighting personnel to sufficiently approach the burning area.
The situation is further aggravated by the increase of
ventilation flowrate to enable safe escape of tunnel users. This
impacts fire rate m” in (1) and fire severity.
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Response and travel times of fire vehicles (Table 4), for
almost all tunnels, is much greater than the growth time for
most tunnel fires (Fig. 2).

The main hazard is for the fire to spread to adjacent vehicles
(Liu et al., 2007). The fixed firefighting system, in the worst-
case scenario, will keep the fire at very low energy level (HRR
on Fig. 1) and will facilitate evacuation and suppression.

After consideration of all impacting factors, at this stage
installation of such systems may be recommended in:

e longer tunnels with heavy traffic and long escape
routes;

e tunnels with two-directional traffic equipped with
longitudinal ventilation systems and long escape
routes;

o tunnels associated with too long response time of
Fire & Rescue Services.

With reference to the specifics of road tunnel fire occurrence
and growth, regular training and upgrade of firefighting skills is
necessary for fire and rescue teams operating in underground
facilities.

Training should be organised and held in two major
directions: theoretical training and practical training.

Theoretical training should include specifics of fire
suppression in road tunnels, core principles and methods of
training and practical application thereof.

Practical training should aim at acquiring knowledge and
skills that are necessary for proper assessment of fire situation,
selection of the most appropriate firefighting agents and skilful
management of firefighting personnel and means.

Training should employ all possible organisational methods
and forms of tactical approach to firefighting.

Response time to beginning of active fire suppression by
Fire & Rescue Services should have higher weight in risk
assessment.

Emergency ventilation includes two functional and modal
stages:

= Stage 1 - includes the first 15 min after fire occurrence.

During this initial period “self-rescue” and evacuation of
tunnel users is of the utmost importance. Evacuees
must be protected, by means of ventilation
manoeuvres, from smoke exposure — toxic gases,
reduced visibility and high temperature. In such cases,
ventilation system operation may be controlled
automatically to ensure fast response;

Stage 2 - ventilation assists fire suppression via
effective suction of smoke from fire area or via
unilateral smoke exhaustion from the fire area. At stage
2, ventilation control should be coordinated with rescue
personnel involved in fire suppression.

Conclusion

Given the fire dynamics in road tunnels and response time of
Fire & Rescue Services in the Republic of Bulgaria, installation
may be recommended of fixed firefighting systems in tunnels to
keep low energy level of the fire and facilitate evacuation and
fire suppression.

After consideration of all impacting factors, at this stage
installation of such systems may be recommended in:

= unidirectional road tunnels of length exceeding 900
meters;
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= tunnels with two-directional traffic and length
exceeding 600 meters, and
= tunnels with lengthy escape routes due to the

absence of connection workings therein.
Fixed firefighting systems can control fires, preserve tunnel
structure and prevent linear spread of tunnel fire.
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