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SUMMARY 
The purpose of this thesis is to study the influence of fire on the stability of tunnels. During 

the last few years a number of fires have taken place in tunnels. For example, the fires in the 

Channel and the Tauern tunnels took several human lives and caused significant damage to 

the tunnel structures.  

 

This thesis is a review of research on the influence of fire on the rock and rock reinforcement 

performed during the last 40 years. High temperature results in changes of the thermal, 

mechanical and physical properties of rock and rock reinforcement (shotcrete, bolts, concrete 

lining). During a fire damage to rock and concrete structures occur due to spalling. Failure 

and collapse of tunnels have occurred as a result of high temperatures. Spalling in concrete 

can be avoided by adding steel or polypropylene fibres. Some tests studied in this thesis 

investigate their influence on the fire resistance of concrete. Some methods for to estimating 

the decrease of the strength of concrete due to fire are presented.  

 

It is necessary to perform a more detailed investigation of the fire resistance of different types 

of rock, because rocks with low fire resistance should be additionally supported or protected. 

The influence of grouting on the fire resistance of rock should also be more investigated. 
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1 INTRODUCTION 

1.1  Background 
One of the most dangerous problems pursuing humanity during centuries is fire. Frequently 

fires happen under ground, causing not only serious material damage but also sometimes 

taking human lives. For the last ten years, only in Europe there have been at least 10 major 

fires in road and railway tunnels with human victims. The main hazards of fire are heat, 

smoke, falling rock and destruction of the tunnel reinforcement. As a result of fire different 

physical and chemical processes occur which cause the decrease of mechanical properties in 

rock and rock reinforcement. That is why studying how the rock and rock reinforcement react 

to fire is very important to assess the stability of tunnel. Figure 1.1 is an example of the 

damage caused by fire in a tunnel.  

     

   

 

 

 

 

 

 

 

Figure 1.1. Fire in the Howard Street Tunnel (Baltimore) (www.baltimoresun.com) 

 

Fires in road and railway tunnels are an international problem. Nowadays there is a 

significant increase of the risk of the fire in traffic tunnels, because of increasing density of 

traffic, increase of travelling speed in rail tunnels, a growing number of tunnels, increasing 

tunnel lengths and an increase of vandalism and terrorism (Haack, 1994). 

 

Fires in road and railway tunnels are mainly caused by traffic accidents (electrical defects, 

brake overheating (60-70% of all fires in lorries), other defects in vehicles and collisions), 

defects in power line or tunnel equipment or defects in maintenance (Pálsson, 2004).  

 

In road tunnels the most common reason of fire is fires in vehicles. Some statistics for 

different types of vehicles are presented in Table 1.1. 
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Table 1.1. Different fire scenarios recommended by PIARC (Permanent International 

Association of Road Congresses) (Mégret and Vauquelin, 2000). 

Fire type  Passenger car Van-bus Heavy goods vehicle  Petrol tanker 
Total heat release 
rate, MW 

4 15 30 100 

Smoke flow rate, 
m3/s  

20 50 80 200-300 

 

Pálsson (2004) reported that about 40% of passenger vehicle fires are usually extinguished 

quickly by nearby drivers. Other fires are usually put out by fire brigades without any danger 

to the structure. The most dangerous fires (heat release rate larger than 20 MW) which cause 

damage to the tunnel, are only 2% of the total number of fires. Figure 1.2 is an example of the 

fire in road tunnel caused by traffic accident. 

 

 
Figure 1.2. Fire in Gothard tunnel (www.iutcolmar.uha) 

 

Fires in mining, especially in collieries, are not less rare. Fires cause not only material 

damage to equipment but also destroy the tunnel reinforcement, which will seriously threaten 

the future tunnel safety. There are differences between the cause of fire in traffic and mining 

tunnels due to different underground conditions. Fires in mines can occur because of defects 

in mining machines (drill rigs, loaders, dumpers etc) and other mining equipment, 

spontaneous detonation of explosives, burning of combustible gases (methane), human error 

and in coal mining spontaneous combustion of coal. 
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One way to receive obtain information about the fire behaviour in tunnels is to study reports 

of real fire accidents. Tables 1.2 and 1.3 present the most dangerous fire accidents in road and 

railroad tunnels, respectively, for the last 40 years.  

 

Table 1.2. Fire accidents in road tunnels (http://home.no.net). 

Year  Tunnel 
Length  

Location 
Country  

Vehicle 
where  

fire 
occurred 

Most 
possible  
cause of 

fire  

 Duration 
of fire  

Consequen
ces 

people  

Damage
d 

vehicles  

Structures 
and 

installations  

1978  Velsen 
770 m 

Velsen 
Nederland  

4 lorries 
2 cars 

Front-
rear-  

collision  

1h 20  5 dead 
5 injured 

4 lorries 
2 cars 

Serious 
damage 

over 30 m 

1979 
Nihonzaka 

2 045 m 
Shitzuoka 

Japan 
4 lorries  
2 cars 

Front-
rear-  

collision  
159 h 

7 dead 
1 injured 

127 lorries 
46 cars 

Serious 
damage 

over 1 100 m 

1982  
Caldecott 
1 028 m 

Oakland 
USA 

1 car, 1 
coach  
1 lorry 
with  

33000 l of 
petrol 

Front-
rear- 

collision 
2h 40  

7 dead 
2 injured 

3 lorries 
1 coach 
4 cars 

Serious 
damage 

over 580 m 

1982 
3. 

Nov. 

Salang 
2 700 m 

Mazar-e-
Sharif  
- Kabul 

Afghanistan 

Soviet 
military 
column. 
At least 

one petrol 
truck. 

Front 
collission 
Destroyed 

tank 

  > 400 dead    

1983 
Pecorila 
Galleria 
662 m 

Gênes 
Savone 

Italy 

Lorry 
wth fish 

Front-
rear-  

collision  
  

9 dead 
22 injured 

10 cars Little damage 

1995 
10. 

April 

Pfander 
6 719 m Austria 

Lorry 
with 

trailer 
Collision 1h 

3 dead in the 
collision 
4 injured 

1 lorry 
1 van 
1 car 

Serious 
damage 

1996 
18. 

March 

Isola delle 
Femmine 

148 m 

Palermo  
Italy 

1 tanker 
with 
liquid 

gas + 1 
little bus 

Front-
rear-  

collision  
  

5 dead 
20 injured 

1 tanker 
1 bus 

18 cars 

Serious 
damage 

tunnel closed 
for 

2.5 days 

1999 
24. 

March 

Mont 
Blanc 

11 600 m 
France-Italy 

Lorry 
with  

flour and 
margarine 

Oil 
leakage 
Motor 

  39 dead 

23 lorries 
10 cars 
1 motor 

cycle 
2 fire 

engines 

Serious 
damage 
Tunnel 
reopens 

22.12.2001 

1999 
29. 

May 

Tauern 
6 401 m 

A10 
Salzburg-

Spittal 
Austria 

Lorry  
with paint 

Front-
rear-

collision 
4 cars and 
2 lorries 

  
12 dead 

49 injured 
14 lorries 

26 cars 
Serious 
damage 

2001 
24. 
Oct. 

St. 
Gotthard 
16 918 m 

A 2 
Switzerland Lorry  

Front 
collission 
2 lorries 

2 days 11 dead 
13 lorries 

4 vans 
6 cars 

Serious 
damage. 
Closed 2 
months 

 

http://home.no.net
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Table 1.3. Fire accidents in railroad tunnels (http://home.no.net). 

Date: 
Location:  

Accide nt 
category:  

Tunnel length: 
Concept: 

Fatalities/ 
Injured:  

2000 Nov 11th 
Kitzsteinhorn Austria 

Fire 3.4 km 43o inclination 
Single bore tunnel for 
cable 
conveyor 

155 fatalities of total 167 
passengers 

1995 
Oct 28th Baku Metro, 
Aserbadjan; 

Fire due to electrical fault 
on train 

Metro, about 2.2 km 
between stations. Twin 
bore tunnel. Possibly no 
intervening connections 
between the tubes 

289 fatalities 265 injured  
About 245 killed in t rain,  
40 in tunnel 

1991 Dec 7th Severn 
tunnel UK 

Collision; front - rear 6.8 km Double tracked, 
underwater 

0/100?  of total 291 passengers  

1988 June 27th  
Gare de Lyon, Paris, 
France 

Brake failure, 
collision with stationary 
train 

Under ground track at 
Gare de Lyon Station 

59 fatalities 32 injured 

1987  Nov 18th  
King’s Cross Metro 
station 
London, UK 

Fire in escalator Metro- system Station 31/? 

1975 Oct 20th  
Mexico City 

Collision; 
front - rear 

Metro- system Station 34 fatalities 

1975 Feb 28th  
Moorgate, 
London 

Wall collision Metro- system Terminal, 
end station 

43 fatalities 74 injured 

1972 Nov 6th Hokuriku 
tunnel, 
Japan 

Fire 13.9 km, built 1962 
Double tracked  

30 fatalities many injured 

1972 June 17th 
Vierzy tunnel 
France 

Structural collapse 0.8 km Double tracked  108 fatalities 240 injured 

 

1.2  Objectives  
The objective of this master thesis is to study the behaviour of fire in a tunnel and its 

influence on the rock (formation of micro and macro fractures due to fire) and different kinds 

of rock support (concrete lining structures). Another aim of this thesis is to study ways of 

maintaining stable conditions during and after a fire. This thesis is a literature survey, so none 

of the reported tests have been performed by the authors. 

1.3 Outline of thesis 
This study is based on data from several different sources, like the results of studying damage 

to underground openings after real accidents, field fire tests and some laboratory tests. First, 

general information about fire is presented, how it arises and expands in underground 

openings. Afterwards this literate study focuses on changes of thermal, physical and 

mechanical properties of rocks exposed to high temperature (up to 1200oC) and on 

mechanisms of thermal spalling and rock fracturing. Next chapter describes mechanisms of 

http://home.no.net
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concrete destruction due to fire and the reduction of structural stability of reinforcement, with 

examples from both field (fire accidents and fire tests in tunnels), and laboratory conditions. 

Besides that a number of methods for estimation of concrete damage caused by fire are 

presented.  
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2 FIRES IN TUNNELS 

2.1 General  
A fire is caused by an uncontrolled reaction of combustion of the involved materials, 

accompanied by heat, gas and smoke. For such a reaction to take place, the presence of three 

agents is necessary: fuel, oxygen and heat.  

 

There are three stages of fire evolution: a development, an expansion and an extinction phase. 

In the first stage the process is very unstable and depends on the immediate energy balance. 

The temperatures are increasing in the area around the fire. The expansion stage starts with 

the development of general combustion. It is characterized by a constant combustion velocity 

(about 15 kg/min) and medium increase in temperature with significant emission of heat, 

smoke and flammable gases (de Lieto Vollaro et al., 2000). The third stage starts as soon as 

the temperature has reached its maximum (700-2500oC) and has begun to decrease due to 

burning-out of combustible materials. Finally, the fire extinguishes when the temperature is 

about 300oC (de Lieto Vollaro et al., 2000).  

 

In some cases it can be difficult to determine the maximum temperature at a fire accident. It 

can be estimated by comparing the damage caused with temperatures of total combustion of 

different well defined materials. For example, timber burns out at approximately  250 °C, 

aluminium melts at about 650 °C, glass melts at 850 °C and copper pipes melt at about 1080 

°C  (Nijland and Larbi, 2001). 

2.2 Fire characteristics 
Usually heptane pool fires are used in fire tests in tunnels, because it is the major component 

of vehicle fuel. That is why, in this short review, the main fire properties for heptane pool 

fires are presented. The most important parameters for describing fires are air velocity and 

temperature profile, heat release rate, smoke flow rate, burning rate, flame height and smoke 

temperature.  

 

Air velocity and temperature profile 

Tunnel fire development is characterised by specific air velocity profile: in the bottom part air 

moves towards the fire and in the upper part away from it. The highest temperatures are 

observed in the upper part of tunnel (see Figure 2.1). 
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Figure 2.1. Velocity (a) and Temperature (b) profiles in tunnel fires without forced ventilation 

(Ingason et al., 1994).  

 

Heat release rate 

The strength of the fire in tunnels is usually determined by the heat release rate (HRR). Heat 

release rate is the change of the inner energy per unit time due to the transformation of 

chemical energy of fuel into heat in a combustion process. Usually it is reported in kilowatts 

(kW) or megawatts (MW) (Bryant et al., 2003). Practically, total heat release rate is 

calculated based on measurements of the following parameters: mole fraction of O2, CO2 and 

H2O in the inflowing and exhausted gases, mass flow rate of the exhausted gases, molecular 

weight of O2 and the inflowing gases (Ingason et al., 1994). 

 

Smoke flow rate  

The combustion of many materials generates smoke. Smoke is a mixture consisting of 

airborne products of combustion and air. The airborne products are combustion gases, solid 

partic les, and liquid partic les. The coefficient that determines the amount of produced smoke 

per time of combustion is called smoke flow rate (q0): 

q0 = 
c

s

t
V

 (m3/s)                                                                                                              (2.1) 

where Vs is the smoke- induced volume and tc is combustion time (Mégret and Vauquelin, 

2000).  

 

Burning rate  

Burning rate is a fire property that can be used to estimate the combustion time for a given 

initial amount of fuel. For a heptane fire, the burning rate is the loss of fuel mass per unit area 

of the pool and per unit time, and it can be calculated as: 

m = m8 (1 – e-kßD) (kg/m2/s)                                                                                            (2.2) 
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where m8  is the burning rate for an infinite-diameter pool fire, k is the radiative emission 

coefficient, ß is the mean beam length corrector, D is the heptane pool diameter (Mégret and 

Vauquelin, 2000). 

 

Smoke temperature  

Smoke temperature can be estimated by equation 2.3. 

∆ Hc = ∫Σ
Ts

To

aiCpi(products) dT                                                                                       (2.3) 

where Ts is the smoke temperature, T0 is the fire temperature, ai is the equilibrium coefficient 

and Cpi is the specific heat of the combustion product (Mégret and Vauquelin, 2000). 

Figure 2.2 shows the behaviour of the smoke temperature due to the elevated heat release rate 

at flame height and tunnel height equalled 5 m. Flame height is the height a fire can reach 

under open and free ventilation conditions and it is a function of the heptane pool diameter. 

At tunnel height the smoke temperature is obviously higher then in open fire.  

 

 
Figure 2.2. Dependence of smoke temperature from total heat release rate (Mégret and 

Vauquelin, 2000). 
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3 HEAT INDUCED FAILURES 

3.1 Influence of fire on the rock around openings 

3.1.1 General 
Fire and its subsidiary effects (high temperature, hot water, hot gases etc) has a great 

influence on the surrounding rock and can lead to cracking, fall outs and in some cases to 

large subsidence. Fire was used for heating and cracking rocks as early as the third century 

B.C. (Carstens, 1972). Damage caused by fire depends on factors like rock type, (its 

mechanical, thermal and physical properties, water content, creep behaviour) heating level, 

shape of tunnel, type of reinforcement, cooling method, etc.  

3.1.2 Thermal properties 
How the rock is affected by the increased temperatures due to fire is determined by the 

thermal properties such as thermal expans ion, conductivity, diffusivity and specific heat. 

 

Thermal expansion 

Thermal expansion is the increase in the linear dimension and volume of a material caused by 

a change of temperature. The damage due to heating is determined by the different values of 

thermal expansion of different minerals in a rock type (Somerton, 1992). Richter and 

Simmons (1974) defined the thermal expansion as a function of crack porosity, heating rate, 

previous maximum temperature, mineralogical composition and preferred crystal orientation. 

Thermal expansion can be estimated by calculating its coefficient. The coefficient of thermal 

expansion indicates the linear expansion of a material with increasing temperature, (per 

degree C) in accordance with formula (http://www.solarplastics.com) 

α t= 
TL

L
∆×

∆
 (1/oC)                                                                                                     (3.1) 

where α t is the linear coefficient, L∆  is the increase in length, L is the original length, 

and T∆  is the increase in temperature (Larsson, 2001). For homogenous rocks the coefficient 

of volumetric expansion can be calculated as:  

×= 3β α t                                                                                                                   (3.2) 

 

 

 

 

http://www.solarplastics.com
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Thermal conductivity 

Thermal conductivity (λ ) is the capacity of a material to conduct or transmit heat. It can be 

calculated using the Fourier Law of heat conduction: 

 
gradT

q
−=λ (W/m .K)                                                                                               (3.3) 

where q is heat flow, and grad T is the temperature gradient. In dry rocks thermal 

conductivity depends on degree of cementation, mineral composition, grain shape and size, 

density and porosity. For saturated rock the thermal conductivity is larger than for dry rock, 

depending on the amount of pore space, its nature and distribution. The thermal conductivity 

of rock with crystalline structure decreases with increased temperature (Somerton, 1992). 

Increasing the temperature does not seem to have much effect unless high pressure is applied. 

The conductivity of a granite sample that was heated up to 2000 C at a pressure of 3 MPa did 

not change. However, an increase of the pressure to 50 MPa caused a decrease of 

conductivity by 22% over the same temperature interval (Heuze, 1983).  

   

Specific heat 

Specific heat (heat capacity) is defined as the quantity of heat that a substance should be 

subjected to increase its temperature one degree at standard conditions (15oC and atmospheric 

pressure). Specific heat of rock in accordance with Kopp’s Law is determined as the sum of 

specific heats of the individual components (minerals and water) (Somerton, 1992). The 

specific heat of rock is about 740 J/kg .K (for granite it varies between 730 and 800 J/kg .K) 

and for water it equals 4180 J/kg .K at 20oC (Larsson, 2001). The relationship between heat 

capacity and temperature is linear (it increases with increasing temperature) and the 

surrounding pressure does not have any significant influence (Heuze, 1983). 

 

Thermal diffusivity 

Thermal diffusivity (κ ) of rock is its capability to level out variations in temperature (m2/s). 

It can be expressed as a relation between thermal conductivity, specific heat and bulk density 

(the weight per unit volume of a material including voids): 

ρ
λ

κ
×

=
C

,                                                                                                                 (3.4) 

where λ  is the thermal conductivity, C is the heat capacity and ρ  is the bulk density  

(Somerton, 1992). This parameter also can be found by transient heat flow tests. Thermal 

diffusivity is a strong inverse function of temperature.  
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3.1.3 Mechanical properties 
High temperatures in rock due to fire cause a number of alterations in different mechanical 

properties of rock, for example Young’s modulus, Poisson’s ratio, tensile strength, 

compressive strength, viscosity and creep behavior. Taking these changes into account is very 

important for estimation of the risk of failure.  

 

Young’s modulus 

Experiments have shown that high temperatures decrease Young’s modulus (E). This can be 

seen from stress-strain curves for granite at a confining pressure of 5 kilobars (Lama, 1978) 

and for dry Solenhofen limestone at various temperatures and confining pressures (Gheatham, 

1968), see Figure 3.1. Young’s modulus is the slope of the linear part of the curve and can be 

calculated as:  

E=s/e,                                                                                                                  (3.5)     

where e is strain, and s is stress.  

 

 

 
                                     a)                                                               b)                      

Figure 3.1. Stress-strain iteration at different temperatures for two rock types: a) Granite, b) 

Limestone (Lama, 1978 and Gheatham, 1968 respectively).  

 



 

 12 
 

Young’s modulus is affected by the previous maximum temperature of the rock (Barbish & 

Gardner, 1969). The damage is caused by micro cracks generated as a result of differential 

expansion of the constituent minerals inside the rock. It is also useful to remember that the 

elastic modulus decreases with increasing number of heating cycles. Mahmutoglu (1998) 

noted that Young’s modulus for sandstone was reduced by 54% after 16 cycles up to 6000C. 

 

Poisson’s ratio 

Another important mechanical parameter of rock is Poisson’s ratio. It  depends on such 

factors as temperature, rate of loading, presence or absence of cracks, stress level etc., in the 

same way as Young’s modulus, i.e. increasing the temperature decreases the Poisson’s ratio, 

see Figure 3.2. However, Heuze (1983) determined that at temperatures between 19 and 

5000C and pressures from 6.9 to 55.2 MPa there were no clear relationships between 

Poisson’s ratio and either temperature or pressure. 

 

 
Figure 3.2. Poisson’s ratio as function of temperature (Lama, 1978). 

 

Tensile and compressive strength 

Tensile and compressive strength are two important mechanical properties of rock. It was 

demonstrated in tests of Westerly and Charcoal granites that the tensile strength decreased at 

elevated temperature (see Figure 3.3). During long term heating under low strain levels, 

stress-corrosion cracking can be observed (Heuze, 1983).  
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Figure 3.3. Interaction between tensile strength of granite and temperature (Heuze, 1983). 

 

The compressive strength decreases with increasing temperature but less rapidly than 

Young’s modulus (Sibai et al, 1993). Figure 3.4 shows that a rise in temperature decreases the 

deviatoric stress (s 1-s 3) and consequently decreases the compressive strength. Heuze (1983) 

tested wet and dry granodiorite specimens which were heated up to 10000C, and found that 

dry samples were slightly weaker than wet samples.  

 
Figure 3.4 Ultimate strength vs confinement for dry granite as function of temperature 

(Heuze, 1983). 

 

However, a number of experiments performed on Dresser basalt demonstrate that under 

dynamic loading conditions, the compressive strength is subjected to almost no change at 

elevated temperatures (Zhang, 2000).   
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In rocks containing serpentinite, gypsum, or other hydrated minerals an increase in 

temperature is accompanied by mineralogical change with release of a fluid phase causing a 

significant decrease of strength. Figure 3.5 shows the strength reduction of serpentenite due to 

its decomposition into forsterite, talc and water at 500 – 6500C (Paterson, 1978). At higher 

temperatures the strength decreases because of a discrete shear fracturing and significantly 

depends on the duration of heating.  

  

  
Figure 3.5. Strength of antigorite-chrysolite serpetinite as a function of temperature at 

different confining pressures and heated 0.5 hours (Paterson, 1978).  

 

A similar weakening was observed in alabaster, zeolitized tuff, hornblende, amphibolite, 

chlorite and granodiorite (Paterson, 1978). The main reason of this obvious strength reduction 

is the formation of a pore pressure due to the release of fluid. The fluid can be water but also, 

for instance, carbon dioxide. Paterson (1978) explained that the rock embrittlement noted at 

high temperatures is caused by a rapid growth of pore pressure. The pore pressure increases 

to the level of the confining pressure, and the specimen behaves as if no confining pressure 

was applied, i.e., in a brittle manner. Other reasons for the decrease of strength are hydrolytic 

weakening in silicate phases, lack of cohesion between new grains, destruction of cohesion at 

old grain boundaries and the formation of cracks due to different thermal expansion between 

grains (Paterson, 1978). 
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Viscosity and creep 

At very high temperatures (for granite around 10000C) the rock starts to melt, which causes a 

decrease in ultimate strength (at 24% melted granite, the strength was about 1 MPa) (Heuze, 

1983). Melt viscosity usually decreases with increasing moisture content. Heuze also reported 

that the presence of phosphor can largely decrease the viscosity of melted silicate rock. High 

temperatures over a long time period cause a significant increase of the creep effect in rock 

(Heuze, 1983). Creep in hard rock, especially in brittle rock, is caused by the development of 

micro cracks.  

3.1.4 Physical properties 
Permeability 

Permeability is the capability of a porous material to transport liquid. Absolute permeability 

is characterized by full saturation fluid flow in the porous body. According to Somerton 

(1992) absolute permeability of sandstone reduces with increasing pressure and temperature. 

For brittle hard rock like granite fluids have two different ways of penetration, along grain 

boundaries and through fractures or joints. However, some test of heating Climax granite up 

to 5000 C showed an increase of permeability (Homand-Etienne and Troalen, 1984). There 

are three stages of this process: in the first the increase of permeability takes place as a result 

of failure in grains; in the second the permeability increases more quickly due to formation of 

microcracks between the grains (from 1500 C to 2000 C), and in the last stage a very rapid 

increase of permeability occurs (between 5000 C and 6000 C) caused by microcracks inside 

the mineral crystals (Homand-Etienne and Troalen, 1984).    

       

Porosity 

Porosity is the volume of all kinds of pores per unit of rock volume. Total porosity is the total 

pore volume in a volume of rock. Some part of the pore volume can be isolated. Effective 

porosity is the ratio of interconnected pore volume to total volume (Somerton, 1992). 

Increasing the temperature leads to an increasing state of stress and consequently causes a 

reduction of porosity. However, porosity can increase with increasing temperature as a result 

of fracturing between grains (Larsson, 2001).  

   

Bulk and pore compressibility  

The compressibility of rock is usually defined by the compressibility of microcracks, size of 

grains and porosity. Rocks with high porosity are characterized by high compressibility, and 
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rocks with small grain size have lower bulk compressibility. Bulk and pore compressibility 

decreases with increased stress (Lama, 1978). Some experiments showed that bulk 

compressibility of three outcrop sandstones  increased when the temperature was raised  from 

200 C to 2000 C (Somerton, 1992). In solid rocks the compressibility increase by about 5 -20 

percent in the same temperature interval. Higher temperatures increase the surrounding 

pressure and in turn lead to a reduction of rock compressibility. Compressibility at small 

pressures is slightly higher than at high pressures (above 200-300 MPa), which is caused by 

closing of cracks and elimination of their influence (Lama, 1978). 

 

Elastic wave propagation 

There are two types of elastic waves 

     -  P-waves (longitudinal), which are faster than the S-waves, and movement of all particles               

        coincides with the direction of the wave, and  

-  S-waves (shear wave), which have particle movement perpendicular to the direction of         

    wave propagation. 

Research has shown that longitudinal and shear wave velocities decrease with increasing 

temperature and increase with growing pressure (Somerton, 1992). Heating up to 2000 C has 

the result of decreasing the longitudinal wave velocity by 12 % (15 % for wet saturated 

sandstones) and the shear velocity by about 5 % (Somerton, 1992). P-wave velocity is 

affected by microcracks, elastic properties of crystals, and discontinuities in the specimen. 

Homand-Etienne and Troalen (1984) discovered that longitudinal wave velocity decreased 

linearly with increasing temperature up to 4000C, with a sharper decline between 5000 C and 

6000 C. The speed of P-wave propagation decreases more rapidly in rocks with larger grain 

size. In small grains the absolute difference in thermal expansion is smaller than in large 

grains and thus tensile stresses are smaller in small grains. Elastic wave velocity should be 

measured at a surrounding pressure above 100 MPa, because pressure leads to neutralization 

of cracks and bad contact between grains (Lama, 1978). 

3.1.5 Spalling 
Temperature is one of the factors influencing the mechanical behaviour of rock, and it is very 

important for rock engineering practice (rock drilling, fragmentation, ore crushing). Heating 

of rock usually causes spalling on the surface. Spalling is the violent or non-violent failure of 

the surface of a rock when it is exposed to high and quickly increasing temperatures. The 

main consequences observed because of this failure are increase of the cross-sectional area of 



 

 17 
 

the opening so that the reinforcement is no longer able to maintain the stresses, and the loss of 

protection of the steel and concrete reinforcement.  

 

A large number of factors affect spalling of rock. Some of the most important are heating rate 

(influences the development of temperature, moisture and pore pressure gradients within the 

rock), maximum temperature level during the fire (it affects the nature of the physical-

chemical relations in the material and through this its properties), duration of the fire (it 

determines the development of temperature within the structure with time), properties of the 

rock, joints and fractures, moisture content, shape and life-time of tunnel and presence of 

support and its covering. In some cases the cooling regime also has a certain importance, e.g. 

water cooling would have another influence on the material and temperature distribution than 

natural cooling (Schrefler et al., 2001). 

 

Some tests performed in the 70’s show the relationship between the formation of thin heated 

layers in the rock and spalling for different kinds of rock (Carstens, 1972). For quartzite the 

most critical temperature gradient was 200 to 250oC per mm, for granite about 100oC/mm and 

for basalt less than 65oC/mm (Carstens, 1972). Among these rock types, quartzite is most 

likely to spall, while basalt is the least likely. It was also determined that the rock 

composition is the most reliable indicator of spalling. Minerals which favour spalling are 

quartz and nepheline, rocks with K-feldspars spall more easily than rocks with Na, Ca 

feldspars. Minerals like micas, mafic and soft flexible minerals reduce the rate of spalling, 

and carbonate rocks are not linely to spall, unless they contain at least 30% dolomite 

(Carstens, 1972). 

3.1.6 Effect of increasing temperature on fracture toughness of rock 
Fracture toughness is a rock property that defines the resistance to fracture formation and 

crack extension. Some experiments have been made to study fracture toughness under 

different (up to 2000 C) temperatures using single edge-notched round bars in bending and 

semi-circular bend specimens of two rock types: Kimachi sandstone and Tage tuff. No 

changes of fracture toughness of sandstone were detected at temperatures up to 1250 C. After 

continuation of heating to 2000 C the fracture toughness increased by about 30-40 % (Funatsu 

et al., 2000). Similar results were received for tuff. Fracture toughness depends on confining 

pressure and some tests demonstrated its increase by 470 % at 9 MPa confinement over 

atmospheric pressure (Funatsu et al., 2000). 
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3.2 Heat induced failures in concrete 

3.2.1 General 
The main objectives of this chapter are to describe the fire resistance of concrete and 

shotcrete and the influence of high temperature on its physical, mechanical and thermal 

properties. The physical and chemical processes taking place inside the cement matrix at  

elevated temperatures will be described, as well as how adding steel fibres affect the fire 

resistance. 

 

Nowadays shotcrete is extensively used for rock support. In most rock conditions (good to 

poor) the aim of the shotcrete is to protect the tunnel contour, usually together with rock bolts 

(cone bolts, fully grouted rebar, swellex bolts), mesh and ribs of steel. The thickness is 

usually 30 – 150 mm and the shotcrete can be applied with or without fibres. In very poor 

rock masses the shotcrete can also have a load bearing function. The thickness must then be 

about 200 – 300 mm. (Holmoy, 1997). 

3.2.2 Thermal properties  
Physical behaviour of concrete at high temperatures is determined by its thermal properties 

such as thermal expansion, specific heat and thermal conductivity (Holmoy, 1997).  

  

Thermal expansion 

Thermal expansion is a process of very small increasing the bulk volume of concrete due to 

heating, it resulting in the formation of microcracks. The coefficient of thermal expansion of 

concrete depends on the type of aggregates, for instance, aggregates with high quartz content 

have comparatively large thermal expansion, because quartz expands by 0,85 % at 

temperatures around 573 °C (Holmoy,1997). “In general, calcareous, feltspatic, granitic, 

sandstone and siliceous rocks have a decreasing order of fire resistance. Light weight 

aggregate like perlite (produced from volcanic slag) may have low thermal expansion” 

(Holmoy, 1997). Thermal expansion of steel is slightly higher than the thermal expansion of 

the concrete matrix. However, for thin steel fibres the possibility of any significant 

microcracking is comparative ly low. 

 

Specific heat 

Specific heat is an important property of concrete that defines temperature at different 

distances from the surface exposed to fire. Basically specific heat of concrete is determined 
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by the moisture content due to the high heat capacity of water. At temperatures of 

approximately 5000C, a maximum specific heat capacity in the cement pasta is observed 

because the dehydration of calcium-hydroxide in cement (Ca(OH)2 = CaO + H2O) requires a 

significant amount of energy (Holmoy, 1997).  

 

Thermal conductivity 

Thermal conductivity of concrete determines the temperature gradient, and the effectiveness 

of fire protection. Low values of thermal conductivity give high temperature gradients, and 

results in high tangential stresses near the surface and increases the risk of spalling (Holmoy, 

1997). Thermal conductivity of concrete is defined by such parameters as density, type of 

aggregate, moisture content and degree of hydration (water has higher thermal conductivity 

than concrete). Low density means high porosity of concrete and gives lower thermal 

conductivity. 

 

Steel fibre reinforced concrete has a higher thermal conductivity than plain concrete. It was 

reported by Holmoy (1997) that for a steel fibre content of l to 2 % by volume an increase of 

25-50 % of the thermal conductivity was observed. However, for rock support applications 

normally used in tunnelling (0,5-1 % by volume) the values of conductivity was slightly 

lower than for plain concrete and thus this effect is not very important. 

3.2.3 Effect of high temperatures on mechanical properties of concrete 
Strength and stiffness are mechanical properties of shotcrete that change with temperature. 

For temperatures above 400°C a significant decrease of the strength and stiffness is observed, 

because of microcrack formation, and for temperatures above 500°C spalling may occur 

(Holmoy, 1997). The decrease of strength and stiffness depend on the type of aggregate – 

carbonate, siliceous and lightweight. Figure 3.6 shows the dependence of the compressive 

strength of concrete on temperature at an axial stress equal to 40% of the original 

compressive strength (Gustaferro, 1985). The concrete with siliceous aggregates fail at 

approximately 6800 C, carbonate concrete at 8400 C and sanded lightweight concrete at 9000 

C. 
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Figure 3.6. Compressive strength of concrete as a function of temperature for three 

aggregate types (Gustaferro, 1985).  

 

Figure 3.7 illustrates the decrease of the modulus of elasticity of concrete for three aggregate 

types due to heating. Concrete with lightweight aggregates shows the most rapid decrease 

between 200-4000 C compared with concretes with carbonate and siliceous aggregates. 

However, at 5500 C the largest reduction of modulus of elasticity was observed in concrete 

with siliceous aggregates. 

 
Figure 3.7. Young’s modulus of concrete at high temperatures (Gustaferro, 1985). 

                   

Load carrying capacity depends on temperature and various material properties at different 

distances from the face exposed to fire. The material strength (s m) and Young’s modulus (E) 

are functions of temperature and time (Wageneder, 2001), which mean that increased 

temperature decreases the load carrying capacity of concrete.  
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Figure 3.8 illustrates M/N interaction curves (M-bending moment, N-axial force) at a 

constant external temperature around 6270 C for different periods of time (Wageneder, 2001). 

The curves demonstrate the obvious decrease of load carrying capacity caused by heating. 

Curve 1 is the initial load carrying capacity of concrete, curve 2 after 30 min of heating, curve 

3 after 60 min, curve 4 after 120 min and curve 5 after 180 min.  

  
Figure 3.8. Load carrying capacity or M/N interaction curves for different times of heating 

(Wageneder, 2001).  

 

Temperatures in different cross-sections depend on the distance from the surface exposed to 

fire in accordance with the thermal gradients presented in Figure 3.9. These gradients 

determine the difference in mechanical properties found at different depths of the concrete 

element. 

 

The stiffness of concrete decreases at increased temperature and depends on the heating time 

(Wageneder, 2001). Figure 3.10 shows the typical reduction of concrete stiffness at different 

depths. Curve 1 illustrates the reduction of the stiffness at 40 cm depth from the face, curve 2 

at 58 cm, curve 3 at 72 cm and curve 4 at 96 cm. The stiffness decreases by 50 % after 

approximately 135 min of heating at 8000C  at 40 cm depth from the surface.  
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Figure 3.9. Time–temperature gradient of concrete, where 1 is 30 min, 2 – 60 min, 3 – 120 

min, 4 – 180 min (Wageneder, 2001).  

 

 
Figure 3.10. Changing of concrete stiffness in dependence on heating time at surface 

temperature 8000C in the different layers (Wageneder, 2001). 

3.2.4 Permeability 
The rate of spalling of concrete is determined by its permeability. Low permeability prevents 

evaporation of pore water during heating, thus the pore pressure will increase leading to 

spalling. This effect is more important than dehydration of calcium-hydroxide and expansion 

of aggregates in the concrete (Holmoy, 1997).  

3.2.5 Chemical reactions in concrete during fire  
Fire influences the chemical composition of concrete. At temperatures around 500°C 

shrinkage of cement paste occurs due to dehydration of calcium-hydroxide Ca(OH)2. 

A number of chemical reactions take place in the concrete matrix due to high temperatures 

and some of them are presented in Table 3.1. Table 3.1 illustrates that concrete completely 
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breaks down at temperatures around 800-900oC, and that heating above 1150-1200oC causes 

melting of the cement paste.  

 

Table 3.1. Phase changes in concrete paste as a result of sequential heating (Nijland & 

Larbi, 2001).  
        oC               Reaction         Macro / microscopically 

             diagnostic features 
Author 

    55-60 14 Å-tobermorite ⇒  11 Å-
tobermorite 

 Taylor, 1998 

    70-80 Dissociation of ettringite Absence of ettringite in cement paste Taylor, 1998 

    70-90 Jennite ⇒ metajennite  Cong and Kiirkpatrick, 
1985 

   70-200 Gypsum ⇒  hemihydrate or g-
CaSO4 

Absence of gypsum in cement paste Maultzsch, 1982 

 100-300 11Å-tobermorite ⇒  9 Å-tobermorite  Cong and Kirkpatrick, 
1985 

     180 Dissociation of gel-like C-S-H Increase in capillary porosity Schneider, 1982 

 180-190 Decomposition of monosulfate  Taylor, 1998 

 200-310 Hydrogarnet ⇒ mayenite + 
portlandite 

 Kunzel, 1969 

     300 Loss of chemically bound water Increase in capillary porosity Nijland & Larbi, 2001 

 300-350 Oxidation of FeOOH to aF-e2O3 Change in color to pink or reddish 
brown 

Nijland & Larbi, 2001 

 450-550 Portlandite ⇒ CaO + H2O Absence of portlandite in cement 
paste 

Khoury et al, 1995 

     573 a-quartz ⇒  b-quartz Radial cracks around aggregate 
particles 

Nijland & Larbi, 2001 

 650-700 Decomposilion of C2SH  Schneider and Herbst, 
1990 

 680-700 Xonotlite ⇒  belite  Schneider and Herbst, 
1990 

 800-900 Decomposition of carbonates  Desintegration of carbonate grains Maultzsch, 1988 

     800 C-S-H I ⇒  belite+ wollastonite Complete desintegration of cement 
paste 

Taylor, 1998 

     900 Jennite ⇒  belite + wollastonite Complete desintegration of cement 
paste 

Cong and Kirkpatrick, 
1985 

   1050 b-quartz ⇒  cristobalite Appearance of cristobalite Mosesman and Pitzer, 
1941 

1150-1200 incipient melting Presence of quenched melt / melt 
textures 

Schneider, 1982 

 

3.2.6 Spalling of concrete 
Spalling caused by fire can result in large destruction of concrete (see Figure 3.11). Spalling 

of concrete depends on many factors most of which are similar to those for rock. However, 

there are some specific determinants like water curing, type of cement, size and type of 
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aggregates, admixture type (some of them are presented in Table 3.2), fine aggregate size and 

type and also presence of steel or polypropylene fibres in the concrete matrix, that influence 

the occurrence of spalling in concrete. 

 

  
Figure 3.11. Spalling of concrete (Schrefler et al., 2001). 

 

Table 3.2. Some common constituents of concrete (Chan & Jin, 1998).   

Type of cement Type of aggregates Type of admixture  

Ordinary Portland cement (OPC) none none 
OPC + PFA (Pulverized fuel ash)  granite superplasticizer 
OPC + slag, OPC + silica fume limestone water reducer 
OPC + fly ash lightweight air-entraining agent 
OPC + shale dust gravel cement disperser 
 river stone air entrainer 
 firebrick  
 red brick  
 river gravel  
 sandstone  
 expanded slag  
 

During a fire explosive spalling usually occurs during the first 20-30 minutes. The 

mechanism of this process can be described as three different spalling processes (Khoury, 

2002):   

- pore pressure spalling as a result of the development of pore pressures in the concrete 

(it is influenced by moisture content, heating rate, and permeability of the material), 

- thermal stress spalling (as a result of different thermal expansion of the aggregates in 

the concrete matrix), and 

- combination of pore pressure and thermal stress spalling. 
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Figure 3.12. Mechanism of pore pressure spalling (Schrefler et al., 2001). 

 

The mechanism of pore pressure spalling can be described as a number of processes. First, 

heat penetrates into the concrete and causes desorption of water from the outer layer (the 

layer nearest the surface exposed to fire). Vapour escapes inside the concrete where it will be 

reabsorbed in the pores. The velocity at which water moves away from the heated face is 

determined by the void structure of the concrete and the heating level (www.degussa-

ugc.com). However, part of the moisture and vapour can not completely flow away due to the 

rapid increase of the thickness of the heated outer layer. The temperature in this layer 

increases quickly and causes an increase of the vapour pressure until the critical point is 

reached. At this point tensile forces exceed the tensile strength of the concrete resulting in 

violent dislodging of the outer layer, i.e., spalling (see Figure 3.12). After the failure a new 

surface is exposed to the fire and the process repeats itself (Tatnall, 2002). 

 

Thermal stress spalling in concrete occurs at high heating rates. Heating of concrete causes 

the appearance of temperature gradients. These gradients in turn generate compressive 

stresses (due to thermal expansion) near the surface exposed to fire and tensile stresses in the 

cooler parts of the concrete (Khoury, 2000). Pre-stressing loads can increase the surface 

compression. 

 

The combined effect of pore pressures and thermal stresses is the most common reason for 

spalling due to elevated temperature. Combined action of these factors induces crack 
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development parallel to the surface when the stresses exceed the tensile strength. External 

loading influences both pore pressure and thermal stress spalling (Khoury, 2000). 

3.2.7 Influence of steel fibres on the strength properties of concrete  
Fibre reinforcement of the concrete improves the mechanical properties and is especially 

important when concrete is subjected to high temperatures, because polypropylene and steel 

fibres repress microcrack formation and consequently the can reduce extent of spalling. Some 

tests performed at the University of Loughborough, UK, to study the fire resistance of fibre 

reinforced concrete at 550, 700 and 850 °C show the positive effect of steel fibres (Holmoy, 

1997). She found that “fibres produced of drawn (Dramix25 mm, stainless steel) wire with 

hooked ends in contents of 2, 3 and 4 % by weight, resulted in increased peak flexural 

strength at the elevated temperature levels, providing a superior performance compared to 

plain concrete or concrete with extracted fibres”. The improvement of flexural toughness 

between two fibre types was smaller at high temperatures than at room temperature. Tests of 

concrete beams with 2 % by volume fibre reinforcement, exposed to temperatures up to 

1200°C, show that the fibre reinforced concrete had significantly better fire resistance than 

plain concrete (Holmoy,1997). Concrete beams without fibres demonstrated a larger number 

of microcracks and wider cracks, than those cast with steel fibres. Fibres obviously provide a 

support effect and protect concrete from microcracking and spalling. 

3.2.8 Steel reinforcement used in concrete 
Sometimes concrete is reinforced by steel bars, to improve the bending resistance. The 

structural behaviour of the concrete is largely determined by the properties of the steel. Both 

the strength and Young’s modulus of steel and concrete decrease with increased temperature 

(Gustaferro, 1985). Figure 3.13 a) illustrates the typical range of the yield strength for hot-

rolled steels (structural grade steels) at high temperatures. The yield strength is the stress at 

which this type of steel changes from elastic to plastic behaviour. Figure 3.13 b) shows the 

ultimate strength for cold-drawn wire (ASTM A-421 steel) and high strength alloy steel bar 

(Gustaferro, 1985). The ultimate strength is the maximum stress steel is capable to withstand 

under a specified temperature. A rapid decrease of ultimate strength can be seen at 200-3000 

C. Increase of temperature up to 1100 - 12000C leads to fully plastic behaviour of steel. 
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Figure 3.13. Yield a) and ultimate b) strength of steel as a function of temperature 

(Gustaferro, 1985). 

 

A rapid decrease of the modulus of elasticity begins at approximately 4800C (see Figure 

3.14). Young’s modulus decreases by 50 % at 6400C and is equal to zero at approximately 

8500C. The melting point of steel is around 1300 – 14000 C. 

 

 
Figure 3.14. Relation of Young’s modulus and temperature (Jha et al., 1998). 
 

High temperatures cause a significant decrease of the bond strength between the concrete and 

the reinforcing steel (Bažant and Kaplan, 1996). However, the percentage reduction of the 

bond strength is larger than the respective decrease of compressive and tensile strength of 

stell (Bažant and Kaplan, 1996). Figure 3.15 shows the results of experiments on relative 

bond strength with four types of steel: plain round mild steel (fresh as-rolled and heavily 

rusted), deformed prestressed steel and ribbed Tor steel (Bažant and Kaplan, 1996). The 

specimens were heated at the desired temperature during three hours. The smallest decrease 

of the bond strength ratio due to elevated temperature was observed in samples with Ribbed 

Tor steel and the highest in samples with plain round mild steel. Experiments have shown that 

the bond strength for rusted plain round bars decrease slower than for fresh as-rolled bars. 
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The bond strength of hot specimens is generally higher than the bond strength of samples that 

were cooled after the heating (Bažant and Kaplan, 1996).  

 

 
Figure 3.15. Correlation the strength of bond of steel bars with concrete and elevated 

temperature (Bažant and Kaplan, 1996). 

3.3 Tests and methods  

3.3.1 Petrographic estimation of heat induced failures in concrete 
Heating of concrete due to fire can result in different structural processes like cracking, 

spalling, loss of contact between concrete and rebar, expansion, as well as different 

mineralogical processes like discoloration, dehydration, etc. 

         

To understand the processes taking place in the concrete matrix at high temperatures (from 

200oC to 1200oC) methods such as petrography can be used. “Concrete petrography is a 

systematic way of examining a piece of concrete in order to characterize and determine what 

is wrong with it” (Nijland & Larbi, 2001). This investigation is carried out by drilling cores 

from specific areas of interest, which are then systematically analyzed in the laboratory by 

three methods (Nijland & Larbi, 2001): visual inspection, fluorescent macroscopic analysis 

(FMA), and polarising and fluorescent microscopy (PFM). 

 

Visual investigation of concrete cores 

Visual inspection is based on studying alterations and colour changes in the cores. This 

method helps to determine different surface features like cracking, spalling, and loss of 

bonding between aggregate particles. It can also be used to study possible temperature 

deviations in concrete at different depths from the surface. Changes characteristic for 

different temperatures are presented in Table 3.3 (Nijland & Larbi, 2001). 
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Table 3.3. Visual investigation of changing processes in concrete by elevated temperature 

(Nijland & Larbi, 2001). 

Temperature, 0C Processes in concrete  

<300°C      Normal, no apparent macroscopic changes in concrete; colour remains grey; 

300 - 350 °C    Oxidation of iron hydroxides like FeOOH in aggregate and cement paste to 
hematite, a-Fe2O3, causing a permanent change of colour of the concrete from grey 
to pinkish brown; 

573 °C                Transition of a-quartz to b-quartz, accompanied by an instantaneous increase in 
the volume of the quartz of about 5 %, resulting in a radial cracking pattern around  
the quartz grains in the rock aggregate; this phase transition itself is reversible, but  
the radial cracking provides a diagnostic feature that remains after cooling; 

> 800 °C            Complete d isintegration of calcareous constituents of the aggregate and cement 
paste due to both dissociation and extreme thermal stresses, causing a  whitish grey 
coloration of the concrete 

                                                                      

                           

Fluorescent macroscopic analysis (FMA) 

This method of analyses shows the distribution of microcracks in flat-polished drill core 

sections by using ultraviolet light. Data about distribution of microcracks can be useful to 

estimate the thickness of shotcrete that is damaged and should be removed (Nijland & Larbi, 

2001). 

 

Polarising and fluorescent microscopy (PFM) 
More detailed information about crack development in the concrete can be obtained by 

applying the PFM method, which is based on testing fluorescent thin sections in polaris ing 

and fluorescent microscope. This method is used to determine moments of phase changes in 

cement paste and draw so-called iso-grades. Iso-grades are curves of equal physico-chemical 

conditions, e.g., temperature, separating the occurrence of phases in the sample (Nijland & 

Larbi, 2001). The most important phase changes are shown in Table 3.4 (Nijland & Larbi, 

2001). 
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Table 3.4. Phases changes in concrete at elevated temperatures (Nijland & Larbi, 2001). 

Temperature  Changing of phases in concrete  

70- 80°C Dissociation of ettringite, causing total depletion of ettringite in the cement paste 

105 °C Loss of physically bound water in aggregate and cement paste; this effect causes an 
increase in the capillary porosity and microcracking of the cement paste which can 
easily be recognised by fluorescent microscopy                   

120 - 163 °C  Dissociation of gypsum, causing its depletion in the cement paste 

450 - 500 °C     Dissociation of portlandite, causing its depletion in the cement paste 

573 0 C Transition a-quartz to b-quartz, resulting in a radial cracking pattern 

600 - 800 °C      Dissociation of carbonates; depending on the content of carbonates of the concrete; 
e.g. if the aggregate used is calcareous, this may cause a considerable contraction of 
the concrete due to release of CO2; the volume contraction will cause severe 
microcracking in the cement paste 

800 - 950 °C      Final dissociation of calcium silicate hydrates, C-S-H, and remaining phases in the 
cement paste resulting in complete dis integration of the concrete, with severe 
microcracking 

 
Figure 3.16 gives an example of crack development in cement paste of a concrete specimen 

due to heating as shown by the PFM method. In the Figure A shows aggregate grains, C 

cement paste, and H air-voids. The left microphotograph uses plain polarised transmitted 

light, and the right uses fluorescent light. Micrograph dimensions are 2.7 mm x 1.8 mm. 

 

 
 

Figure 3.16. PFM-micrographs showing the development of cracks in and across aggregate 

particles into the adjoining cement paste as a result of the intense heating (Nijland & Larbi, 

2001).  
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3.3.2 Fire resistance of high strength concrete 
Nowadays high strength concrete (HSC) is often applied in both civil and mining engineering 

applications. The reason is that HSC has higher strength and durability compared with normal 

strength concrete. However, the behaviour of high strength concrete at high temperatures 

demonstrates a large amount of spalling. Temperature dependent spalling was detected both 

in laboratory and field conditions (see Figure 3.17). For example the fire in the English 

Channel tunnel in 1996 caused extensive spalling of the tunnel rings made from HSC, and 

resulted in eight people injured and material damage of about 90 million dollars (Kodur, 

1999). 

           
Figure 3.17. Damage of normal strength (a) and high strength (b) concrete as a result of fire 

resistance test (Kodur, 1999).  

 

One of the most important reasons for the high spalling level in HSC is its low water/cement 

ratio and respectively low permeability. This means that water can not completely move out 

from the heating face, which causes a rapid increase of the pore pressure. Pressures can reach 

about 8 MPa at 3000C, while the tensile strength of HSC is 5 MPa (Kodur, 1999). 

 

The Institute for Research in Construction (IRC) has made a number of fire tests on HSC. 

Concrete samples were tested at 8000 C. Data from these experiments show that temperatures 

at different depths of samples were slightly lower for HSC than for normal strength concrete. 

This can be explained by differences in thermal properties and lower porosity of specimens, 

which causes a delay in the growth of temperature and also formation of large cracks and 

spalling in HSC. The fire resistance determined from the experiments was 225 minutes for 

HSC, which should be compared to 366 minutes for normal strength concrete (Kodur, 1999).
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3.3.3 Laboratory fire tests on the concrete 
Test 1 

Chenghua et al. (2002) studied the  damage of tunnel lining concrete structures for different 

temperatures and fire durations. They studied the heating of concrete samples with different 

dimensions, a standard cube 15 × 15 × 15 cm, and a plane plate 75 × 75 × 15 cm (Chenghua et 

al., 2002). The specimens were subjected to four burning temperature levels (400oC, 600oC, 

800oC and l000oC) during two or four hours. They tested the compressive strength of 30 

specimens in two ways: pressuring on the burning face and on the lateral face respectively, 

and then the results were compared. 

 

Ultrasonic detection technology was used to determine the damage rate of the concrete 

samples before and after the experiment. Two methods were used: 

-  the symmetry detection method: to detect changes of the residual strength of concrete by         

measuring velocity of ultrasonic wave propagation before and after the burning   

experiment, and  

-  the plane detection method: to detect the damage degree of the lining structure and the         

    relation between damage and ultrasonic velocity (Chenghua et al., 2002). 

 

For the symmetry detection method the standard concrete cubes (15 × 15 × 15 cm) were used 

and for the plane detection method the plane plates (75 × 75 × 15 cm) were used. The 

behaviour of the compressive strength of the concrete cubic specimens in relation to 

temperature during two hours of heating is shown in Figure 3.18. When the temperature 

reached 400oC, the compressive strength was reduced by 20%, at 600oC by 25-35%, at 800oC 

it was only a half of its initial value and at 1000oC the compressive strength had decreased by 

75-85 % (Chenghua et al., 2002). 

 

Increasing the duration to four hours, the same temperature levels decreased the compressive 

strength by an additional 5-10% at each temperature level. Thus, it is obvious that increasing 

the fire temperature has a stronger effect on the concrete strength, than increasing the 

combustion time (Chenghua et al., 2002). 
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Figure 3.18. Changes of the compressive strength of concrete cube after burning experience 

(Chenghua et al., 2002).  

 

Chenghua et al. (2002) found a difference between the residual compressive strength of the 

burning and the lateral face of the concrete specimens after the fire experiment. This 

difference can be calculated by  

 baz= Cs ×bah
                                                                                                                  (3.6)                                                                      

where baz  (burning face) and bah (lateral face) are ratios of primary compressive strength to 

residual compressive strength, and Cs is a scale constant, (from regression analysis Cs = 

1.164) (Chenghua et al., 2002). It follows that after a fire accident in a tunnel it may be 

possible to calculate the residual strength of the lateral face only by detecting the residual 

strength of the burning face.  

 

The plane detection method was used to determine the thickness of the damaged layer in the 

plane plate (75 × 75 × 15 cm) using the formula  

ds = 
2

Ls
(V2-V1/V2+V1)-1/2                                                                                                (3.7) 

where ds is the thickness of the damaged layer, Ls is the distance between the tested points, V1 

and V2 are the ultrasonic velocity in the damaged layer and in the undamaged layer, 

respectively (Chenghua et al., 2002). However, this method depends on the damage situation 

on the concrete surface and thus at temperatures above 800oC when the concrete starts to melt 

measurements were impossible. The results from the plane detection measurements are 

presented in Table 3.5 (Chenghua et al., 2002).      
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Table 3.5. The thickness of the damage layer in the concrete element (Chenghua et al., 2002). 

 

Test  2 

Another series of tests were performed for the Channel Tunnel Rail Link (a railway between 

the Channel Tunnel and central London) by Shuttleworth (http://www.degussa-ugc.com). The 

main purposes of this investigation were to assess the fire resistance of different materials, to 

detect what properties influence spalling and to predict possible ways of improving fire 

resistance characteristics of concrete. Three series of experiments were carried out; the first to 

assess the influence of fire on concrete mixes with various composition and the presence (or 

absence) of different kinds of fibres, the second checked the influence of polypropylene fibres 

on fire resistance properties; and the third assessed the  changes of strength properties of 

concrete exposed to fire under simulated field conditions. During these experiments time-

temperature curves for three generally used standards of fire development were applied 

(Figure 3.19).   

 
Figure 3.19. Three time temperature curves applied in CTRL (Channel Tunnel Rail Link) 

tests (http://www.degussa-ugc.com). 

The thickness of damage layer, ds, cm  
Temperature, oC 

 
Time, hours  Calculated value  Detected value  

2 3.7 1.6  
400 

4 4.1 2.3 

2 6.3 5.6  
600 

4 6.5 6.4 

2 10.1 9.5  
800 

4 10.5 10.2 

http://www.degussa-ugc.com
http://www.degussa-ugc.com
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Three types of aggregates have been studied (http://www.degussa-ugc.com); limestone, 

granite (low thermal expansion coefficient) and lightweight aggregate. Two types of 

polypropylene fibres have been added into the concrete matrix to decrease the probability of 

explosive spalling: monofilament and fibrillated fibres. Steel fibres have been used in some 

specimens to estimate their influence on fire resistance. Rectangular concrete slabs (15 

specimens) were produced with different variations of aggregates and fibre types and were 

then exposed to fire in accordance with the ISO 834 curve during two hours. The results of 

these tests are presented in Table 3.6 (http://www.degussa-ugc.com). 

 

Table 3.6. The results of the fire tests for different concrete mixes (http://www.degussa-

ugc.com). 

Mix Aggregates Steel fibres Mono fibres Fibril Fibres Observations  
1 x x x Spalling visible after 30 mins 
2 yes x x Spalling visible after 20 mins 
3 yes yes x No evidence of spalling 
4 yes x yes Minor spalling 
5 

 
 

Granite 

x yes x No evidence of spalling 
6 x x x Spalling visible after 20 mins 
7 yes x x Spalling visible after 20 mins 
8 yes yes x No evidence of spalling 
9 yes x yes Minor spalling 
10 

 
 

Limestone 

x yes x No evidence of spalling 
11 x x x Extensive violent spalling 
12 yes x x Extensive violent spalling 
13 yes yes x No evidence of spalling 
14 yes x yes Extensive spalling 
15 

 
 

Lightweight 

x yes x No evidence of spalling 
 

Spalling was detected in all samples without fibres, while the presence of a certain amount of 

polypropylene fibres prevented spalling. Mixes with lightweight aggregates (without any 

fibres) were totally destroyed during the test because of high moisture content as a result of 

water absorption in the aggregate particles. Another conclusion of these experiments is that 

monofilament fibres show greater resistance to spalling in comparison with fibrillated fibres, 

and that steel fibres only slightly improves the fire resistance (http://www.degussa-ugc.com). 

The second series of this investigation tested a concrete mixture proposed for the in-situ 

lining of the North Downs Tunnel. The temperature curve for this test was the hydrocarbon 

fire curve with a maximum temperature of about 1100°C. The specimens contained granite 

aggregates and two types of monofilament polypropylene fibres (18µm and 32 µm diameter) 

at dosage rates of 1 and 2 kg/m³ (http://www.degussa-ugc.com). 

 

http://www.degussa-ugc.com
http://www.degussa-ugc.com
http://www.degussa-ugc
http://www.degussa-ugc.com
http://www.degussa-ugc.com
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Compressive forces equal to the stresses in the tunnel lining were also applied to the samples 

to prevent the formation of tensile cracks. The experiment showed no significant explosive 

spalling in the test specimen. The control specimen without any fibres, however, showed high 

damage levels during the first 20 minutes of the test, see Figure 3.20 (http://www.degussa-

ugc.com). 

 
Figure 3.20. Control specimen and tested one with polypropylene fibres after fire trial 

(http://www.degussa-ugc.com). 

 

The third series of tests were carried out to assess the behaviour of complete concrete tunnel 

segments exposed to very intense fire. Three full scale segments with equal dimensions 

(internal radius 3575 mm, width 1350 mm and thickness 350 mm) but with different concrete 

mixtures were tested in accordance with the Rijkswaterstaat curve during two hours. 

Compression applied in this test was 10 MPa, which was the maximum predicted stress 

condition in the CTRL tunnels (http://www.degussa-ugc.com).The first specimen (1) 

consisted of granite aggregates (438 kg/m3), steel fibres (30 kg/m3), polypropylene fibres (1 

kg/m3 of 18 µm monofilament fibres) and had a water/cement ratio 0.35. The second mix (2) 

was almost the same as the first but contained another type of polypropylene fibres (1 kg/m3 

32 µm monofilament) (http://www.degussa-ugc.com). The third (3) had limestone aggregates, 

and all the other properties were similar to mix (1). There were a number of thermal sensors 

placed at six locations at four different depths from the surface. External temperature was 

measured by thermocouples located between sections. 

 

http://www.degussa-ugc
http://www.degussa-ugc.com
http://www.degussa-ugc.com).The
http://www.degussa-ugc.com
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Figure 3.21 describes the development of temperature within samples 1 and 3, where the 

measured temperature was almost similar on all areas exposed to fire. From the observations 

during the experiments it was determined that explosive spalling took place during the first 2-

20 minutes. In the second segment during the same time, three of the thermosensors at 25mm 

depth registered the external temperature, which means that this layer of concrete was lost 

due to spalling (http://www.degussa-ugc.com). 

 

     
Figure 3.21. Time temperature curves showed a thermal distribution inside the concrete in 

sections 1 and 3 (http://www.degussa-ugc.com). 

  

Shuttleworth (2004) described the results of the burning experiment as: “the exposed surfaces 

of test specimens 1 and 2 (granite mixes) were coloured shiny black, as opposed to the mostly 

dull white/yellow surface of test specimen 3 (limestone mix)”. The greatest parts of 

specimens 1 and 2 showed a coagulated material (melted cement) and several areas of sample 

3 showed the same result. In addition, a number of horizontal cracks were found parallel to 

each other at about 5-20 mm depth from the surface exposed to fire, and a decrease in  

thickness between 5 and 15 mm for mix 1 and 3 was observed. Specimen 2 suffered 

significantly more extens ive spalling, with a damage depth of approximately 20 to 60 mm 

(http://www.degussa-ugc.com). However, the actual spalling depth (loss of thickness during 

the heating) was somewhat less than the estimated 20-60 mm, because the rapid water cooling 

caused shrinkage of the concrete. 

 

Through the whole thickness of the segments four cores (diameter 100 mm) were drilled for 

determination of the reduction of concrete strength properties. Only the upper 300 mm, 

http://www.degussa-ugc.com
http://www.degussa-ugc.com
http://www.degussa-ugc.com
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measured from the external surface (not affected by the fire), were used for determination of 

the compressive strength. The part of the cores nearest the external surface did not show any 

considerable cracking. Damage was visible only in the area adjoining the heated surface 

(horizontal micro cracks) (http://www.degussa-ugc.com). Table 3.19 is a summary of the 

residual compressive strength test (http://www.degussa-ugc.com). 

 

Table 3.7. Residual compressive strength properties for various mixes (http://www.degussa-

ugc.com). 

Mixture  Core depth from exp. 
Surface, mm 

Compressive 
strength, MPa 

Residual strength, % 

0-100 76.5 94.0 
100-200 70.5 86.5 

 
Segment 1 

200-300 59.5 72.5 
0-100 75.5 100 

100-200 69.0 92.5 
 

Segment 2 
200-300 59.3 79.0 
0-100 82.0 95.5 

100-200 73.6 86.0 
 

Segment 3 
200-300 61.0 71.5 

 

It should be noted that the compressive strength of concrete at the exposed surface decreased 

by approximately 26% in all samples (http://www.degussa-ugc.com). 

3.3.4 Field fire tests in tunnels  
Schrefler (2001) performed a complex investigation of spalling phenomena observed in 

concrete due to fire. For this purpose fire experiments were carried out in which the level of 

damage, temperature distribution, relative humidity and vapour pressure inside the concrete 

mass were assessed in relation to fire duration. 

            

During these experiments the temperature distribution at different distances from the fire 

source was studied, as well as the rate of damage inside the concrete after different duration 

of fire exposure. The properties of the concrete were: porosity 0.082%, intrinsic permeability 

2× 10-18 m2, apparent density 2564 kg/m3, specific heat 855 J/kgK, thermal conductivity 1.92 

W/mK, Young’s modulus 34.52 GPa, Poisson’s ratio 0.18, compressive strength 60 MPa, and 

tensile strength 6.0 MPa (Schrefler et al., 2001). The fire had a combustion thermal power of 

about 5 MW with the highest temperature around 620o C. Figure 3.22 demonstrates that the 

temperature was significantly lower 20 m from the fire, and at 50 m was almost the same as at 

20 m. The temperature was also slightly higher in the upper parts of the tunnel. 

 

http://www.degussa-ugc.com
http://www.degussa-ugc.com
http://www.degussa-ugc
http://www.degussa-ugc.com
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Figure 3.22. Temperature distribution in the tunnel at different distances from fire (Schrefler 

et al., 2001). 

 

Total damage due to fire was measured at three heights, 1.5, 5.15 and 6.03 m above the tunnel 

pavement (see Figure 3.22). Damage in this context is a combination of thermo-chemical and 

mechanical changes in the microstructure of the concrete induced by fire. Figure 3.23 

illustrates the development of the total damage in the concrete after 5 min of fire. The 

temperatures in this test were 3470 C for roof, 2020 C for 5.15 m height and 2520 C for 1.5 m 

height above the tunnel pavement (Schrefler et al., 2001). Figure 3.23 shows that maximum 

damage was observed in the roof of the tunnel and the minimum damage at 5.15 m height. 

This temperature and damage distribution was explained by Schrefler (2001) as the influence 

of smoke on the heat radiation in the upper part of the tunnel. Smoke diffuses the heat and 

thus causes lower temperatures on the tunnel surface at 5.15 m height.  
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Figure 3.23. Damage distribution in concrete caused by 5 min fire at three different locations 

on the tunnel wall (Schrefler et al., 2001). 
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3.3.5 Methods for estimation of rate of damage of concrete due to fire   
Linear frame analyses 

During a fire a significant loss of strength of the concrete is observed, which is very important 

to know for stability evaluations of underground openings. Wageneder (2001) suggested the 

application of linear frame analyses for such calculations. The method uses concrete with 

standard characteristics commonly used for railway tunnels, i.e., inner lining thickness 40 cm,  

concrete quality B30, steel quality ST 55. The model tunnel has an inner diameter of 6 m, an 

overburden of 10 m soft ground, and a water table at 2 m below the ground surface. The 

reinforcement cover on the outside is 5 cm, and on the inside 10 cm. The time temperature 

gradients in the concrete is presented in Figure 3.24 for different heating times (curve 1 – 3 

min, curve  2 – 6 min, curve 3 – 9 min, curve 4 – 30 min, curve 5 – 60 min, curve 6 – 90 min, 

curve 7 – 120 min, curve 8 – 180 min) (Wageneder, 2001). Maximum temperature in this test 

was around 10500 C. During the first 10-30 minutes, spalling of the concrete layer (30 – 40 

mm) closest to the surface exposed to fire occured. The last two curves are characterised by 

the gradual decrease of the external temperature.                              

 

 
Figure 3.24. Temperature gradient for the concrete sample (Wageneder, 2001). 

 

Linear frame analysis allows calculation of the bending moment, axial and shear forces for 

the concrete, and is able to take loads such as dead weight, water load, and earth pressure into 

account to estimate sectional forces inside the concrete. 

 

Figure 3.25 illustrates the initial bending moment of the tunnel cross-section and the ultimate 

bending moment after 180 min of fire, calculated by linear frame analys is. 
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Figure 3.25. Bending moment for a) standard loads, and b) temperature loads calculated by 

linear frame analysis (Wageneder, 2001). 

 

Figure 3.26 a) shows that the axial force at first slightly increases due to the system 

expansion, but after some time the curve becomes flat because of the reduction of system 

stiffness. The bending moment (Figure 3.26 b) increases during the first 60 – 90 min of fire 

and then starts to decrease. The most probable reason for this is that the excentricity of 

temperature loading decreases with time in spite of the increasing overall temperature load 

(Wageneder, 2001).  

 

 
Figure 3.26. Change of a) axial forces and b) bending moment as a function of time ( 1- the 

lowest and 2 – the highest level of the axial force and the bending moment respectively) 

(Wageneder, 2001). 

 

However, due to the increasing axial force and bending moment the structure needs additional 

reinforcement. Wageneder (2001) suggests that the reinforcement should be improved as 

shown in Figure 3.27. The thickness of the concrete layer should be increased in the upper 

part of the tunnel and slightly increased in the lower parts of side walls due to the high 

damage risk in these areas. 
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Figure 3.27. Required reinforcement after 180 min of fire (Wageneder, 2001). 

 

It should be noted that spalling of the concrete is not considered in this method since 

polypropylene fibres are used, which prevents this effect. Thus, the linear frame analysis can 

be applied for calculation of the concrete strength properties (bending moment and axial 

forces) of any structure, and can be used to estimate the necessary improvement of the 

reinforcement. 

  

The artificial neural network model  

To estimate the behaviour of concrete and especially its loss of strength due to high 

temperatures (75-1200oC) Chan et al. (1998) developed a model based on an artificial neural 

network (ANN). Neural network technology is useful for solving problems that have 

imprecise or fuzzy input and have abundant data (www.botero.8m.com). Input data in the 

model are cement type, coarse aggregate type, fine aggregate type, admixture type, proportion 

of mixed cement, water/cement ratio, surface/volume ratio, maximum temperature, heating 

rate and duration at maximum temperature (Chan et al., 1998).  

 

Two laboratory tests were made to evaluate the quality of the prediction of the strength loss 

(in %) of concrete exposed to high temperatures. In these experiments two different mixes 

were tested with properties presented in Table 3.8. The results of the experiments were 

compared with the value predicted by the artificial neural network; see Table 3.9 (Chan et al., 

1998). The strength reduction was plotted for each test using both experimental and computed 

curves (see Figure 3.29). 
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Table 3.8. Description of two mixes used for testing the neural network (Chan et al., 1998). 

Mix Cement 
type  

W/C 
ratio 

Coarse 
aggregate 
type  

Fine 
aggregate 
type  

Admix 
type  

Max. 
temperature
, 0C 

Heating 
rate, 
0C/h 

Duration at 
max. temp, h 

A OPC+slag 0-60 Limestone Sand None 75-600 20 720 
B  OPC 0-57 Granite Sand SP 400-1200 171 1 
 

 

 
                                   a)                                                                              b)  

Figure 3.29. Temperature – strength reduction dependence for two check-out tests (a - mix A, 

b –mix B) (Chan et al., 1998). 

 

Table 3.9. Outputs received from the experiment and predicted by ANN (Chan et al., 1998). 

         Loss of strenrth, %  
      Mix 

  

Maximum 
temperature, C 
      Predicted Experimental 

Error, % 
  

75 -3,4 -4 15 
150 11,3 10 11,3 
300 33 30 10 
450 50 46 8,7 

     
     
     A 
     
     600 75 80 6,3 

400 7,5 8 6,25 
600 35 31 12,9 
800 53 48 10,4 

1000 72,3 76 4,9 

     
      
     B 
     
      1200 82 88 6,8 
 

It can be seen from Table 3.9, that the maximum error was only 15 % and the average error  

was 10 % for mix A and 8 % for mix B. In conclusion, the neural network can be successfully 

used to assess the loss of strength due to high temperatures of concrete  with different 

properties at different heating conditions (water/cement ratio from 0,28 to 0,66 and 

temperature from 75 to 1200oC) (Chan et al., 1998). This model is characterized by the ability 

to learn and to find a connection between strength reduction and various input factors. 
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Application of the artificial neural network model has great perspectives in the future for 

underground engineering although unfortunately, it does not include the influence of steel or 

polypropylene fibres on concrete strength.  
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4 DISCUSSION 
 
The high temperatures that occur due to fire in tunnels can cause significant material damage 

and often take human lives. Fires in tunnels are distinguished from open fires due to their 

increased smoke temperature at the same value of the heat release rate. The air velocity 

profile is very specific in tunnels compared with open fires: in the bottom part air moves 

towards the fire and in the upper part away from it. The highest temperatures are observed in 

the upper part of tunnel, which cause serious damage to the roof of the tunnel. Most 

underground fires are small and not dangerous. Significant damage, endangering the tunnel 

stability, is caused by the most serious fires with heat release rates greater than 20 MW (about 

2% of the total number of fires). This value of the heat release rate is reached, for instance, by 

burning heavy goods vehicles and petrol tankers.  

 

The maximum temperature a fire can reach in real accidents is 1000 – 12000C. These 

temperatures can cause significant damage to the tunnel structure at a relatively large distance 

from the fire source. For instance, the fire accident in the Tauern Tunnel caused spalling of 

the unreinforced concrete of the sidewalls to a depth of 400 mm over a length of 100 m and to 

a depth of 50 mm over the remaining 450 m of the tunnel.  

 

Spalling is a violent failure of the rock surface, which can occur due to elevated temperatures. 

The most important properties which must be studied to understand why spalling occurs 

during fires are thermal expansion, thermal conductivity, specific heat, thermal diffusivity, 

moisture content, permeability, porosity, and presence of joints and cracks. Spalling in rock is 

a result of thermal expansion and in concrete it is also determined by a rapid increase of pore 

vapour pressure. Spalling causes  formation of new cracks and propagation of already 

existing cracks. Quartzite is a rock type that is likely to spall, while basalt is one of the least 

likely. This can be explained by the relatively high thermal conductivity of basalt compared 

with quartzite. The rate of spalling is determined by the mineral composition of the rock type. 

Minerals which favour spalling are quartz and nepheline, while soft minerals such as micas 

reduce the risk of spalling. 

 

During a fire, explosive spalling of concrete usually occurs during the first 20-30 minutes. 

The mechanism of spalling can be described as a combination of two different processes: 
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pore pressure spalling due to the rapid increase of pore vapour pressure in the concrete (it is 

influenced by moisture content, heating rate, permeability of the material), and thermal stress 

spalling caused by the different thermal expansion of the aggregates in the concrete matrix. 

 

Rock around the opening as well as shotcrete or concrete lining used for reinforcement are 

subjected to high temperatures which cause a change of their properties. Heating of rock 

causes thermal expansion, which can produce microcracks. The damage due to heating is 

determined by the different values of thermal expansion of the different minerals in the rock 

type. High temperatures cause a decrease of the thermal conductivity of rocks with a 

crystalline structure. Low therma l conductivity gives high temperature gradients, and results 

in increasing the risk of spalling due to high tangential stresses near the surface. The decrease 

of thermal conductivity is especially observable at high surrounding pressures and depends on 

the moisture content of rock. Another thermal property, the specific heat, increases linearly 

with increasing temperatures. The thermal diffusivity of rock, however, decreases with 

increasing temperature. 

 

The thermal expansion of concrete depends on the type of aggregates. Aggregates with high 

quartz content has rela tively large thermal expansion compared with light weight aggregates 

like perlite.The specific heat of concrete increases with elevated temperature and at 5000C 

reaches its maximum. The thermal conductivity of concrete depends on parameters like 

density, type of aggregate, moisture content and degree of hydration. High porosity of 

concrete causes lower thermal conductivity and favour spalling.  

 

High temperatures have a negative influence on the tunnel stability, since mechanical 

properties of rock like compressive strength, Young’s modulus and Poisson’s ratio decrease 

with increasing temperature. After heating to approximately 6000 C, Poisson’s ratio is only 

about 50 % of its initial value. The compressive strength also decreases due to high 

temperature. The reduction of the compressive strength of, for instance, serpentenite is 

observed due to its decomposition into forsterite, talc and water at 500 – 6500C. The result of 

this decrease is a higher probability of failure.   

 

High temperatures also cause a decrease of the strength and the stiffness of concrete. The 

compressive strength of concrete decreases by 50% at 600 – 8000C depending on the type of 

aggregate. Concretes with siliceous aggregates show the greatest reduction of the 
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compressive strength compared with concretes with carbonate and lightweight aggregates, 

while carbonate aggregates provide the smallest decrease of the compressive strength. The 

stiffness of concrete decreases at high temperatures and depends on the time of heating. The 

stiffness of the concrete at 40 cm depth from the surface decreases by 50 % after 130 – 140 

min of heating at 8000C, however, the same decrease of the stiffness at the same temperature 

was observed at 58 cm depth after 200 min of heating (Wageneder, 2001). Young’s modulus 

of the concrete aggregates decreases at high temperature and concrete with lightweight 

aggregates shows the most rapid decrease between 200-4000 C compared with concretes with 

carbonate and siliceous aggregates(Gustaferro, 1985) . However, at 5500 C and higher the 

largest reduction of modulus of elasticity was observed in concrete with siliceous aggregates. 

High temperatures cause a number of chemical changes in concrete, which lead to destruction 

of the cement paste. Early stages of heating are characterized by the loss of chemically bound 

water (3000) and an increase of capillary porosity. Break down of concrete is observed at 

temperatures around 800-900oC, and heating above 1150-1200oC causes melting of the 

cement paste. 

 

The permeability of brittle hard rocks (i.e. granite) increases with elevated temperature. High 

temperatures cause a reduction of porosity of rocks due to an increasing state of internal 

stresses. However, fractures between grains, which form in rock at high temperatures, can 

increase the porosity. Bulk and pore compressibility of sedimentary rocks like sandstone 

increase slightly (5-10%) at relatively low temperatures (200 - 2000 C). The compressibility of 

crystalline solid rocks increases by about 5 -20 % in the same temperature interval. However, 

higher temperatures cause a reduction of rock compressibility due to the increase of the 

surrounding pressure. 

 

High strength concrete is widely used for both civil and mining engineering constructions 

because it has higher strength and durability than normal strength concrete. 

However, at high temperatures a large amount of spalling has been observed in high strength 

concrete, which can be explain by its low water/cement ratio and consequently low 

permeability.  

 

Steel and polypropylene fibres are widely used to improve the strength properties of concrete, 

to repress microcrackformation and to reduce the extent of spalling. The best fire resistance  

is shown by concrete with monofilament polypropylene fibres. Steel reinforcement like bolts, 
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bars, etc. is also affected by fire. The ultimate strength of steel starts to decrease at 250-3000 

C and at 400 – 5000 C the residual strength is only 50%. The stiffness reduction of steel is 

similar to the decrease of the compressive strength. High temperatures cause a decrease of the 

bond strength between steel bars and concrete. The bond strength ratio is 10 - 20 % at 500 – 

8000 C.  

 

High temperatures caused by fire lead to changes in the concrete structure due to cracking, 

spalling, loss of contact between aggregate and rebar, expansion, and mineralogical processes 

like discoloration, dehydration, etc. Damage to the concrete can be assessed by methods of 

petrography like visual inspection, fluorescent macroscopic analysis (FMA), and polarising 

and fluorescent microscopy (PFM). 

 

These methods can also be used for assessing the damage in rocks, however the results of 

these investigations probably the inaccurate information for most rocks because of their 

complex composition compared with concrete. 

 

This thesis work examines two laboratory tests concerning the influence of high temperatures 

on concrete samples. In the first test the influence of fire on the compressive strength of the 

exposed and the lateral faces of concrete specimens was studied. When the temperature 

reached 400oC, the compressive strength rapidly decreased. At 800oC it was 50% of its initial 

value and at 1000oC the compressive strength had decreased by 75-85 % (Chenghua et al., 

2002). The thickness of the damaged layer of the concrete specimens was also measured. At a 

temperature of 800oC the damaged layer was about 10 cm thick. The second test series 

studied the fire resistance of concrete with different types of aggregates, which properties that 

affect spalling and possible ways of improving fire resistance characteristics of concrete. In 

these tests the level of damage in specimens containing granite aggregates and two types of 

monofilament polypropylene fibres (18µm and 32 µm diameter) at heating up to 1100°C was 

studied. The changes of strength properties of concrete exposed to fire under simulated field 

conditions were also investigated. Three tunnel sections with different types of aggregates 

and fibres were tested under eleva ted temperature (up to 13500 C) during two hours. The 

results of these experiments show that the compressive strength of the exposed surface  

decreased by approximately 26% in all samples. 
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Field fire tests aimed at studying the spalling phenomenon and assessment of the thickness of 

the damaged layer of the concrete lining have been reviewed. The maximum temperature 

during the fire test was about 620o C and the heat release rate was 5 MW. The temperature in 

the upper part of the tunnel was significantly lower 20 m from the fire (1300 C), and 50 m 

away the temperature had decreased to 1000 C. The temperature in the upper part of the 

tunnel was slightly higher than near the floor. The duration of the fire test was only 5 min and 

the damage was determined as a function of the height from the tunnel floor. Maximum 

damage was observed in the roof of the tunnel (to a depth of 40 mm from the surface) and the 

minimum damage in the abutments (35 mm). This temperature and damage distribution can 

be explained by the influence of smoke on the heat radiation in the upper part of the tunnel. 

Smoke diffuses the heat and causes lower temperatures than in the roof.  
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5 CONCLUSIONS 
The most important conclusion of this master thesis is that fires influence the stability of 

tunnels. Tunnel stability is determined by the mechanical properties of the rock around the 

opening such as compressive strength and Young’s modulus, both of which decrease due to 

high temperatures and results in increasing the probability of failure. The mechanical 

properties of the tunnel reinforcement (usually shotcrete or concrete lining) also decrease at 

the elevated temperature. 

  

Fires also cause spalling of rock and concrete. Spalling is a result of changing of the 

properties of rock or concrete and is a function of moisture content, permeability, porosity 

and presence of joints and cracks. High temperatures cause thermal expansion of rock and 

concrete, decrease of the thermal conductivity and diffusivity and increase of the specific 

heat. 

 

Two laboratory and one field test were described in detail in this thesis. They studied the 

influence of high temperatures on concrete samples. The results of these tests showed a 

decrease of the strength properties depending on the type of aggregates and the presence of 

fibres, and the damage propagation in the concrete layer due to spalling. Portland cement, 

often used for tunnel support, is very vulnerable to temperatures above 700 – 8000 C. This 

can be explained by spalling, which is observed on the surface exposed to fire.  

 

One of the most important results of the field fire tests is the nonuniform temperature 

distribution both along the tunnel and over the tunnel cross-section. The highest temperature 

is in the roof, because heated air rises. Smoke in the upper part of tunnel causes a diffusion of 

the heat (radiation) and that is one reason for the irregular damage distribution in the tunnel. 

 

Improvement of the fire resistance of concrete can be achieved by adding different types of 

fibres (steel or polypropylene). Nowadays applying polypropylene fibres, especially 

monofilament fibres, is the most effective way of improving the strength properties of the 

concrete.  

 

There are some methods for estimating the damage of the tunnel reinforcement. The first is 

based on linear frame analysis and is aimed at determining the decrease of the strength 
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properties. The other method is used to estimate the residual compressive strength of concrete 

after a fire using an artificial neural network.  
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6 RECOMMENDATIONS 
In a tunnel not supported by shotcrete or concrete lining, the rock around the tunnel will be 

subjected to the direct influence of fire. That is why it is necessary to perform a more detailed 

investigation of the fire resistance of different types of rock. Rocks with the lowest fire 

resistance should be additionally supported or protected. 

 

Improvement of the strength properties of rock around an opening and prevention of water 

leakage can be achieved by grouting. Grouting is a method, in which a solidifying liquid is 

injected at high pressure into the rock. The agents for grouting are suspension agents (cement 

water or betonies water suspensions) and chemical agents (silicate based agents, resin 

polymers, polyurethane-based chemicals). The influence of grouting on the fire resistance of 

rock must be investigated.  

 

Tunnel reinforcement should be applied considering both the mechanical characteristics of 

the surrounding rock and the requirement s of fire safety. This means, that the reinforcement 

must be able to withstand high temperature loads during a relatively long period of time 

without failing.  

 

New types of reinforcement should be developed and implemented in underground 

engineering to minimize the damage caused by fire. The main requirements of this 

reinforcement are high stiffness, high fire resistance and economic efficiency. Nowadays, the 

most preferable type of reinforcement from a fire resistance point of view is concrete with 

monofilament fibres.  

 

High temperatures caused by fire are irregularly distributed over the tunnel cross-section. The 

highest temperatures are observed in the upper part of tunnel. Thus, research should be 

carried out to determine which parts of tunnel cross-section that could be improved by 

additional reinforcement.  
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