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Summary 
 
This report is part of the research project “Concept for fire and smoke spread prevention in 
mines”, conducted by a research group at Mälardalen University. 
 
The project is aimed at improving fire safety in mines in order to obtain a safer working 
environment for the people working for the mining companies in Sweden or for visitors in mines 
open to the public. 
 
This report deals with the issue on design fires in underground mines. 
 
The main purposes of the report are: 

- Describe different approaches to describe design fires. 

- Develop suitable design fires for different systems, mines, warehouses, workshops etc. 

- Discuss the position of the design fires with respect to adjacent installations, egress, 
interruptions in the production etc. 

- Discuss the influence of ventilation on the fire growth and its influence when working 
out the design fires. 

- Discuss the influence of fire fighting on the choice of design fires. 
 
The following conclusions were made based upon the findings of the report: 
The five selected and presented design fire curves of the report:  

- Pool fire in the main ramp (involving a diesel tank). 

- Vehicle fire (heavy vehicle) in a parking drift which is protected by a sprinkler system. 
- Vehicle fire (loader/drilling rig) in the production area. 

- Cable fire at the visitor museum, with no automatic fire alarm at the site of the fire. 

- Bus fire at the visitor museum, with no automatic fire alarm at the site of the fire. 
The design fire curves represent various aspects and variables connected to an underground 
mine, such as active fire protection, ventilation, sensitive surroundings etc.  
 
In future work the main effort should be aimed at developing other representative design fires 
for underground mines than the suggested design fire scenarios in this report, this would serve as 
a powerful tool during the design process when working on an underground mine. 
In future work the three scenarios described in the report involving vehicles, design fire curves 
obtained by using physical models should be used. This means summing up the individual 
combustible components taking into consideration when ignition will occur. 
The five presented design fire curves should be included in a continued study where for example 
the smoke spread is calculated and simulated using fire modelling software, presenting the effects 
on the surroundings that the selected design fires will have. 
 
In Figure 1 below a flow chart describing the work procedure of the report is found.  
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Figure 1. A flow chart describing the work procedure of the report. 
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1. Introduction 

 
Research regarding fire safety in mines has so far mainly been directed towards coal mines. Thus 
the need for recommendations, models, engineering tools etc for non-coal underground mines 
are in great need. 
The aim of the current research project “Concept for fire and smoke spread prevention in 
mines” is to improve fire safety in mines in order to obtain a safer working environment for the 
people working for the mining companies in Sweden or for visitors in mines open to the public. 
The fire safety record in mines in Sweden is in general good with very few fire accidents that have 
occurred. The main reason is that there is a great awareness of the fire safety problems in mines. 
The awareness comes from the fact that escape routes from mines are generally limited. The 
reason why there is a limited amount of escape routes is that it is expensive to construct extra 
escape routes which are not a part of the tunnel mining system. The costs to build extra escape 
tunnels may be better spent on different safety equipment or systems for fire prevention or 
evacuation. Such systems can be ventilation systems, fire fighting equipment or rescue chambers 
located at different places in the mines. 
 
The project consists of different steps, where each step is based on results and knowledge from 
the earlier steps. The steps are: literature survey, inventory of technical and geometrical 
conditions, calculation of design fires and smoke spread, model and full scale tests and reports 
and recommendations. All results will be compared and evaluated against earlier experiences. 
 
This report deals with the step regarding design fires. 
 
The main purposes of the report are: 

- Describe different approaches to describe design fires. 
- Develop suitable design fires for different systems, mines, warehouses, workshops etc. 

- Discuss the position of the design fires with respect to adjacent installations, egress, 
interruptions in the production etc. 

- Discuss the influence of ventilation on the fire growth and its influence when working 
out the design fires. 

- Discuss the influence of active fire protection on the choice of design fires. 
 
The following publications have been used for reference during the work on the report: 

- NFPA 101, Life Safety Code, 2009 edition [1] 

- NFPA 5000, Building Construction and Safety Code, 2006 edition [2] 
- Principles of smoke management, Klote J.H. et al, 2002 [3] 

- SFPE Engineering Guide to Performance-Based Fire Protection Analysis and Design of Buildings, 
NFPA [4] 

- Building Fire Performance Analysis, Fitzgerald R.W., 2004 [5] 

- ISO/TS 16733: Fire safety engineering – Selection of design fire scenarios and design fires, Technical 
Committee ISO/TC 92, 2006 [6] 

 
The output of the project mainly consists of: analysing of existing tests, written reports and 
recommendations within the mining companies regarding fire safety work, recommendations and 
the engineering tools for calculation of fire development and smoke spread in mines, and the 
mathematical models and the test results for future validation. 
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1.1 Delimitation 
 
The design fires described in this report applies mainly for the LKAB mines. The design fires 
may also be used in other underground mines, but before doing so an analysis is recommended 

to be performed in order to sort out the differences and their influences.  
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2. Background 
 
The fire safety problems in mines are in many ways very similar to the problems discussed in 
road, rail and metro tunnels under construction. There is usually a limited amount of escape 
routes and the only safe havens are the safety chambers consisting of steel containers with air 
supply within and rescue rooms which have a separate ventilation system and will withstand a fire 
for at least 60 minutes.   
 
Rescue operation is hard to perform when the attack routes often are equal with the possible 
path for smoke to reach the outside. The possibilities for a safe evacuation and a successful fire 
and rescue operation are strongly linked to the fire development and the smoke spread in these 
kinds of constructions.  
For mining companies the problems with evacuation and rescue operations in case of fire are 
closely linked to policies, work environment protection and their systematic fire safety work. An 
accident not only can cause injuries, or in the worst case deaths, but also large costs due to 
production losses, reparations and loss in good-will.  
 
The main problem with mines today is that they have become more and more complicated, with 
endless amount of shafts, ramps and drifts, and it is difficult to control the way the smoke and 
heat spread in case of a fire. The ventilation strategy is of the greatest importance in such cases in 
combination with the fire and rescue strategies. Since there are very few fires that occur, the 
experience of attacking such fires in real life is little. New knowledge about fire and smoke spread 
in complicated mines consisting of ramps is therefore of importance in order to make reasonable 
strategies for the personnel of the mining company and the fire and rescue services. The main 
experience from fighting mine fires comes from old coal mines, which are usually quite different 
in structure compared to mines in Sweden which mainly work with metalliferous rock products. 
In Sweden the mines consist of either active working mines with road vehicle traffic and elevator 
shafts for transportation of people and products or old mines allowing visitors. In some cases it 
is a combination of both types.  
As the mine industry is changing and the challenging techniques are developed, the measures to 
guarantee the safety of personnel need to be adjusted. The new technology means new types of 
fire hazards, which in turn requires new measures to cope with the risks. New equipment means 
new types of fire development. The knowledge about fire developments in modern mines is 
relatively limited. The fire development of vehicles transporting material inside the mines is 
usually assumed to be from ordinary vehicles, although the vehicles may be considerably different 
in construction and hazard. The difference may mainly be in the amount of liquid (e.g. hydraulic 
oil) and the size of the rubber tyres. 
 
A relatively straightforward conclusion here is that the need for improvements is great and so is 
the challenge ahead of us. 
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3. Method 
 
Initially a search for existing material with respect to design fires was executed. 
The following literature and search tools were used during the search: 
- ELIN  
- Google scholar 
- NFPA 101, Life Safety Code, 2009 edition 
- NFPA 5000, Building Construction and Safety Code, 2006 edition 
- Klote J.H. et al, Principles of smoke management, American Society of Heating, Refrigerating and 
Air-Conditioning Engineers Inc, 2002 
- SFPE Engineering Guide to Performance-Based Fire Protection Analysis and Design of Buildings, NFPA, 
Quincy, 2000 
- Fitzgerald R.W., Building Fire Performance Analysis, John Wiley & Sons Ltd, Chichester, 2004 
- ISO/TS 16733: Fire safety engineering – Selection of design fire scenarios and design fires, Technical 
Committee ISO/TC 92, 2006 
- Zalosh R., Industrial Fire Protection Engineering, John Wiley & Sons Ltd, Chichester, 2003 
- Fire Protection Handbook, nineteenth edition, NFPA, Quincy, 2003 
- SFPE Handbook, third edition, NFPA, Quincy, 2002 
- Fire in Tunnels, Technical report part 1, Design fire scenarios, European Thematic Network Fire in 
Tunnels 
 
The following key-words were used during the search: 

- Design fire 

- Fire scenario 
 
The existing theoretical material regarding design fire scenarios was analyzed and is briefly 
described in this report. Based upon the existing theoretical material and an earlier conducted site 
inventory of the two LKAB mines, a number of various types of installations and equipment 
were selected for further discussion and work. The influence of the ventilation, active fire 
protection, surrounding risks and sensitive surroundings were discussed. Finally five 
representative design fire curves for LKAB mines were selected, developed and presented.  
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4. Theory: design fires 
 
Due to the change from prescriptive based approach to performance based approach, the design 
fire issue has been highlighted more and more throughout the last years. In the literature, 
different aspects of design fires are described. 
 
Fitzgerald [5] defines the design fire as the load against which to evaluate the active fire 
protection and the resultant risk to exposed people, property, and building operations. More 
specifically, a design fire describes assumed fire characteristics such as for example the heat 
release rate, smoke generation etc. Furthermore a design fire scenario is a description of a specific 
fire both in time and in space. 
Klote and Milke [3] emphasize that before starting with the work on design fires, performance 
criteria will have to be established. The work that follows will then focus on the development and 
analysis of design alternatives to meet the earlier established criteria. Several criteria can be 
addressed – related to established performance criteria – including: life safety, protection of 
property, continuity of business and environmental protection. A different set of design fire 
scenarios can be required for each criterion. 
Fitzgerald [5] underlines that one should not think of a design fire as a single option for a fire 
scenario. The design fire used to evaluate for example a sprinkler system is not necessarily the 
same as that for fire brigade suppression, even within the same building. Perhaps not even the 
rooms of origin may be the same.  
The Technical Committee ISO/TC 92 [6] points out that when working on a design fire scenario 
for two adjacent compartments a new design fire can be required to represent the fire in the 
second enclosure when fire spreads from the room of fire origin to the second room. Also the 
design fire characteristics can be modified during the process based upon the outcome of the 
analysis. For example, if flashover in an enclosure is likely, it is necessary to modify the design fire 
in order to account for the characteristics of ventilation controlled or fuel controlled post-
flashover fire. 
Fitzgerald [5] points out that a design fire for an existing building may be easier to define due to 
the fact that uses, materials, quantities, and conditions can be inspected and measured. The 
design fire for a future building is often more complicated because less information is available 
and the uncertainties are larger. In either case the problem is more difficult because uses, 
renovations, and contents change the characteristics of the building over time. A question here is 
how all these changes and uncertainties should be accounted for? How will for example these 
changes affect the fire performance? Should the resistance be increased to allow more adverse 
fire conditions to occur over time? 
Klote and Milke [3] discuss the issue regarding combustible materials, namely combustible 
materials that are not intended to be located in the space. These combustible materials are 
referred to as transient fuels. A few examples of transient fuels are Christmas decorations, cut up 
cardboard boxes awaiting removal etc. Sometimes, transient fuels remain in place for long 
periods. Transient fuels must not be forgotten when selecting a design fire. 
  
A full specification of the temporal evolution of a design fire is described by The Technical 
Committee ISO/TC 92 [6] as to include the following phases: 
- Incipient phase; 
- Growth phase; 
- Fully developed phase; 
- Decay phase; 
- Extinction. 
 
Figure 2 displays an example on a design fire, with its different phases. 
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Figure 2. Example of design fire [6]. 
 
 

4.1 Identifying and defining potential design fire scenarios 
 
When identifying possible fire scenarios, several tools can be used. In a SFPE publication [4] 
some examples are given: 

- Historical fire incident data for the specific facility and associated processes or equipment 
could be used. Similar occupancy-, process-, or equipment-related fire statistics could be 
studied in order to identify for example common fire causes. Operational manuals and 
checklists for processes or equipment could be studied to identify potential fire causes.  

- Statistical data. 
 
Following selection of the design fire scenarios, it is necessary to describe the assumed 
characteristics of the fire on which the scenario quantification are based upon. These assumed 
fire characteristics are referred to as “the design fire”. 
 
Figure 3 displays the overall process of identifying and selecting design fire scenarios. 
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Figure 3. Selection of design fire scenarios and design fires [6]. 
 
In NFPA codes [1] [2] an interesting approach is presented where a number of design fire 
scenarios - that are required - are described in detail. Please observe that the design process is not 
only limited to the listed design fire scenarios in the codes, but also other applicable design fire 
scenarios to the specific situation could be included. Also, if any of the listed design fire scenarios 
in the codes are found to be inappropriate to the specific situation it does not have to be 
evaluated fully. 
The following eight design fire scenarios are listed in the codes: 

- Design fire scenario 1: is an occupancy-specific design scenario representative of a typical 
fire for the occupancy in question. The design fire scenario should explicitly specify for 
example the following: 

- Occupant activities 
- Number and location of occupants 
- Fuel properties and ignition sources 
- Ventilation conditions 
- First item ignited and its location 
An example of such a scenario for a health care occupancy would involve a patient 
room with two occupied beds with a fire initially involving one bed and the room 
door open.  
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- Design fire scenario 2: is an ultrafast-growing fire in the primary means of egress, with 
interior doors open at the start of the fire. This design fire scenario deals with the issue 
regarding a reduction in the number of available means of egress during a fire. 

- Design fire scenario 3: is a fire that starts in a normally unoccupied compartment that can 
endanger a large number of occupants in an adjacent large room or other area.  

- Design fire scenario 4: is a fire that starts in a concealed wall space or ceiling space - 
without a detection system or suppression system - adjacent to a large, occupied room.  

- Design fire scenario 5: is a slowly growing fire, protected from fire protection systems, 
close to a high occupancy area. This design fire scenario deals with the issue regarding a 
relatively small ignition source causing a significant fire. 

- Design fire scenario 6: is the most severe fire resulting from the largest possible fuel load 
characteristic of the normal operation of the building. This design fire scenario deals with 
the concern regarding a rapid-growing fire with occupants present. 

- Design fire scenario 7: is an outside exposure fire. This design fire scenario deals with the 
issue regarding a fire starting at a location remote from the area of interest and either 
spreading into the area, blocking escape from the area, or developing untenable 
conditions within the area.  

- Design fire scenario 8: is a fire originating in ordinary combustibles in a room or area 
where each passive or active fire protection system or fire protection feature is 
independently rendered ineffective. This design fire scenario deals with the issue 
regarding each fire protection system or fire protection feature, considered individually, 
being unreliable or becoming unavailable. Obviously this scenario is not required to be 
applied in cases where fire protection systems or fire protection features for which both 
the level of reliability and the design performance in the absence of the system or feature 
are acceptable. 

 

4.2 Quantifying the design fire scenarios 
 
If calculations are necessary in the process, two general approaches for accomplishing this are 
available: probabilistic and deterministic (both approaches are described below). In a SFPE 
publication [4] it is stated that each design fire scenario is part of a so called scenario group and is 
meant to be representative of that group. The scenario groups must all together include all 
potential scenarios. 
 

4.2.1 The fire 
 
In a SFPE publication [4] it is pointed out that when quantifying the design fire there is often 
neither the resources nor the data, such as ignition energy or heat release rate for each item, 
available to quantify every aspect of a design fire. In these cases, the detailed work should be 
limited to the most significant parts, which might include a range of different fire types, fire 
growth rates, or compartment ventilation rates. 
Also the development of a design fire scenario might be a combination of hazard analysis and 
risk analysis. The hazard analysis identifies potential ignition sources, fuels, and fire development. 
The risk analysis might include the indicated hazard analysis while also noting the probability of 
the occurrence (i.e. probabilistic approach) and the severity of the outcomes. 
 
In a SFPE publication [4] the deterministic approach is defined as resting heavily upon analysis 
based on physics and chemistry or correlations developed from fire testing to predict the 
outcome of a fire. Fire scenarios can be evaluated for use as design fire scenarios by estimating 
whether a given scenario results in effects that exceed the performance criteria. In a deterministic 
analysis, one or several possible fire scenarios can be developed as design fire scenarios that are 
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representative of potential worst credible fires in a specific installation. In a deterministic analysis, 
the frequency of the possible fire scenario does not need to be evaluated.  
The probabilistic approach typically deals with the statistical probability that a fire will occur and 
the outcome if a fire does occur. The decision whether to select a given possible fire scenario as a 
design fire scenario, is based on grouping scenarios that are similar. A probabilistic approach 
could for example use the following as sources of data:  

- Statistics and historical information 

- Hazard/failure analysis 

- System availability and reliability 
- Risk  

 
The Technical Committee ISO/TC 92 [6] states that design fires are usually characterized in 
terms of the following variables with respect to time: 

- heat release rate; 
- toxic species production rate; 

- smoke production rate; 

- fire size; 
- temperature; 

- heat flux. 
The initial rate of fire growth is later modified by events that occur during the specific design fire 
scenario. Typical events are listed by the Technical Committee ISO/TC 92 [6] as the following: 

- flashover; 
- sprinkler activation; 

- manual fire suppression; 

- changes in ventilation. 
 
The Technical Committee ISO/TC 92 [6] says that a fire scenario represents a particular 
combination of events and circumstances such as the following: 

- type of fire (smouldering, post flashover etc.) 

- internal ventilation conditions 
- external environmental conditions 

- status and effectiveness of each of the active fire protection 

- type, size and location of ignition source 
- distribution and type of combustible materials 

- fire load density 

- detection, alarm, and suppression of fire by non-automatic, human means 
- status of doors 

- breakage of windows, if not taken into account by the fire design calculation method 
 
Parameters to be defined when quantifying the fire scenario are:  

- Rate of heat release: Fitzgerald [5] says that the rate of heat release for growing fires often 
is represented – i.e. for design purposes - by an exponential or power law rate. This 
represents an upper bound to the large range of possible, actual fire growths in the 
scenario. The Technical Committee ISO/TC 92 [6] says that the decay is often assumed 
to begin when 80% of the available fuel has been consumed. This value is of course very 
dependent on fuel type, configuration and ventilation conditions. The rate of decay may 
be taken as a linear decline over a time period so that the integral of the heat release rate 
over the decay period equals the 20% of remaining energy in the available fuel. Obviously 
this will not apply for all cases as it will depend upon for example the type of fuel being 
used, the type of fuel configuration etc. It will for example not apply to pool fires. 
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- Smouldering fires: The Technical Committee ISO/TC 92 [6] says that smouldering fires 
typically produce very little heat but can fill an enclosure with unburned combustible 
gases and toxic products of combustion. The following factors influence the probability 
of smouldering combustion: nature of the fuel, limitation on ventilation, strength of the 
ignition source. The principal hazards associated with smouldering fires are the 
production of carbon monoxide as a result of incomplete combustion and the 
development of untenable conditions due to poor visibility. When working on a design 
fire scenario it is important that consideration be given to the presence of materials that 
are prone to smouldering such as upholstered furniture, bedding and cellulosic materials. 
It is also important that consideration be given to the presence of potential ignition 
sources likely to promote a smouldering fire, such as cigarettes, hot objects and electrical 
sparks.  

- The burning objects/fuel package approach is described by Klote and Milke [3] as an 
approach where a fuel package can be made up of a number of fuel items. When selecting 
the items that make up the base fuel package one must remember that the radiant flux 
from burning one of the items will lead to ignition of the other items in the base fuel 
package but not to ignition for fuel items outside the base fuel package. When the fuel 
package for the particular design fire scenario is well defined and unlikely to change over 
the chosen time interval, then the actual burning characteristics of the fuel package can be 
used as the design fire. 

 
The Technical Committee ISO/TC 92 [6] discusses the location of the fire. The location of the 
fire typically involves characterization of the compartment in which fire begins, as well as 
characterization of the specific location of the fire within the compartment. 
Identification of most likely fire locations can be done by using fire statistics. If statistics are not 
available, one can instead make an assessment based upon the presence of heat sources, fuel 
packages and occupants.  
Examples on interested locations include the following: 

- locations very close to room occupants, particularly vulnerable property, or exposed 
structural elements, such that there is insufficient time and space for fire safety measures 
to act effectively; 

- locations in corners or other spaces where partial enclosure leads to unusually rapid fire 
build-up; 

- locations that are shielded from fire safety systems; 
- locations near doorways or other openings connecting spaces that permit fires to spread 

to multiple spaces before compartmentalization provisions can effectively respond. 
 

4.2.2 Smoke generation and smoke spread 
 
The design fire characteristics for a smoke movement analysis are described by Fitzgerald [5] to 
include: 

- A relationship of time and the volume of smoke generation. 

- Smoke temperatures. 
- Visibility. 

- Identification of corrosive or toxic gases for sensitive equipment. 
Normally the smoke generation from a single room of origin will be enough to understand the 
building performance with respect to smoke movement. In some cases one may use a cluster of 
rooms that can quickly become filled with smoke in order to establish design fire smoke 
characteristics.  
Visibility is the most appropriate and useful tenability measure with respect to life safety. The 
following questions should be asked regarding tenability: 
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- What possible smoke movement paths to the target room can be identified? 

- Will enough smoke reach the boundaries of the target room to make that room 
untenable? 

- If enough smoke can reach the boundaries of the target room, will enough smoke 
accumulate in the target room to make it untenable? 

 

4.2.3 Fire protection 
 
Fitzgerald [5] lists fire protection as for example the following components: 

- Fire detectors. 

- Automatic suppression systems. 

- Barrier fire endurance.  

- Structural frame behaviour.  
- Fire brigade extinguishment. 

With respect to structural frame behaviour, the following two questions could be asked: 
- Will enough heat be generated and reach the surface of the structural member to reduce 

its strength to the point of failure? 

- Will enough heat penetrate into the structural member to weaken it to the point of 
failure? 

The latter question corresponds to the case where the structural member is protected by 
insulation. 
 
With respect to fire brigade extinguishment Fitzgerald [5] states that it evaluates the building’s 
ability to work with the local fire brigade. The performance measure for a building is the fire area 
and number of rooms destroyed by the fire before the fire is extinguished. Two questions are 
vital to the building evaluation: How large is the fire at the time of first water application? Given 
that fire size, can the fire brigade extinguish this fire before it extends to adjacent spaces? Barrier 
fire endurance is rarely a factor in fire propagation to adjacent rooms within the time frame 
associated with fire brigade suppression. 
 
The Technical Committee ISO/TC 92 [6] discusses the issue regarding the effect on the heat 
release rate that an automatic suppression system has. The heat release rate following activation 
of a sprinkler system can be assumed to remain constant, unless it can be showed that the 
sprinkler system has been designed to suppress the fire within a specified period. In the latter 
case, the heat release rate can be assumed to decrease in a linear manner over the specified 
period. Similarly, activation of a gaseous fire suppression system can be assumed to suppress the 
fire soon after the design concentration of extinguishing agent has been reached. 
Fitzgerald [5] lists the following questions that should be asked with respect to automatic 
sprinkler suppression:  

- Will the sprinkler fuse before the fire has extended beyond the fire size being evaluated? 
- Is the water discharge density sufficient to control (or extinguish) the fire? 

- Will enough water continue to flow until the fire is extinguished? 

- Is the water-spray distribution obstructed? 
 

4.2.4 Probability 
 
The issue on probability is discussed to some extent by the Technical Committee ISO/TC 92 [6]. 
The probability of occurrence of each event should be estimated using available data. For some 
cases, characteristics of the initial fire are the subject and fire incident data are the appropriate 
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data source for the probabilities. For other cases, states of systems and features are the subject 
and reliability data are the appropriate data source. 
The relative probability of each scenario should be evaluated by multiplying all the probabilities 
along the path leading to the scenario. 
 

4.2.5 Consideration of consequence and risk ranking 
 
The Technical Committee ISO/TC 92 [6] says that when estimating the consequence of each 
scenario, available loss data should be used. The consequence should be expressed in terms of an 
appropriate measure such as the potentials for life loss or injury or the expected fire cost. The 
estimates may consider time-dependent effects.  
It is necessary to identify important design fire scenarios during the qualitative design review 
stage. During this process, it is possible to eliminate scenarios that are of such low risk that they 
cannot affect the overall evaluation of the design. Neither probability nor consequence can be 
used completely in isolation for risk screening. 
 
One way of proceeding at this point is to construct an event tree. The Technical Committee 
ISO/TC 92 [6] says that an event tree represents alternative event sequences from fire ignition to 
the final outcome of a fire scenario. Events define changes in the characteristics of the fire, the 
status of systems and features, the responses of occupants and other points in time that influence 
the final outcome and consequences of the fire. 
However, often the risk-ranking process can be undertaken in a shortened fashion. For example, 
readily available data and order-of-magnitude estimates of probabilities and consequences of the 
scenario groups can often be enough. Where this is the case the risk-ranking work can be 
undertaken without using an event tree. 
 
In a SFPE publication [4] the people response is discussed. The actions that people take can have 
significant impact on the course of the fire or the movement of smoke and should be considered 
in this step.  
The following factors may describe the occupant characteristics:  

- Number of occupants. 

- Distribution throughout the building. 

- Alertness. 
- Commitment. 

- Focal point. 

- Physical and mental capabilities. 

- Role. 
- Familiarity. 

- Social affiliation. 

- Physical and physiological conditions. 
 
Furthermore in a SFPE publication [4] factors such as the influence of trained staff etc are 
discussed. Depending on the nature of the building environment, trained staff or an industrial fire 
brigade can have a large influence during the early stages of a fire. Positive actions by municipal 
fire personnel can also be considered, particularly for objectives related to property protection or 
business continuity. On the other hand, poorly trained staff or casual visitors can for example 
leave key doors open, allowing for rapid fire development and smoke spread. Any of these effects 
will largely affect the outcome and can introduce new potential fire scenarios. 
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4.2.6 Final selection and documentation 
 
For each fire safety objective, the highest ranked fire scenarios are selected for quantitative 
analysis. The selected scenarios should represent the major portion of the total risk. Input from 
the stakeholders into this selection process is recommended.  
The fire scenarios selected for analysis should be documented. These become the “design-fire 
scenarios”. Also document the fire scenarios not selected for analysis and indicate the reasons 
why.  
 
In order to summarize the different perspectives of the various sources on design fires, the 
following short summary on the main questions was made: 
Regarding identifying possible fire scenarios, several tools can be used such as [4]: historical fire 
incident data for the specific facility and associated processes or equipment, statistical data, 
similar occupancy-, process-, or equipment-related fire statistics could be studied in order to 
identify for example common fire causes, operational manuals and checklists for processes or 
equipment could be studied to identify potential fire causes.  
 
With respect to the issue of number of scenarios, in NFPA codes [1] [2] specify eight design fire 
scenarios that are required but not limited to.  Other publications do not specify any specific 
amount of design fire scenarios but state that the number of design fire scenarios should be 
reduced to make it manageable and possible to quantify them [6].  
 
When it comes to quantifying the design fire scenarios, a SFPE publication [4] states that each 
design fire scenario is part of a so called scenario group and is meant to be representative of that 
group. The scenario groups must all together include all potential scenarios. It also points out 
that when quantifying the design fire there is often neither the resources nor the data, such as 
ignition energy or heat release rate for each item, available to quantify every aspect of a design 
fire. In these cases, the detailed work should be limited to the most significant parts, which might 
include a range of different fire types, fire growth rates, or compartment ventilation rates. 
Also the development of a design fire scenario might be a combination of hazard analysis and 
risk analysis. The hazard analysis identifies potential ignition sources, fuels, and fire development.  
Parameters to be defined when quantifying the fire scenario are:  

- Rate of heat release: Fitzgerald [5] says that the rate of heat release for growing fires often 
is represented – i.e. for design purposes - by an exponential or power law rate. This 
represents an upper bound to the large range of possible, actual fire growths in the 
scenario. The Technical Committee ISO/TC 92 [6] says that the decay is often assumed 
to begin when 80% of the available fuel has been consumed. The rate of decay may be 
taken as a linear decline over a time period so that the integral of the heat release rate 
over the decay period equals the 20% of remaining energy in the available fuel.  

- Smouldering fires: The Technical Committee ISO/TC 92 [6] says that smouldering fires 
typically produce very little heat but can fill an enclosure with unburned combustible 
gases and toxic products of combustion. The following factors influence the probability 
of smouldering combustion: nature of the fuel, limitation on ventilation, strength of the 
ignition source.  

- The burning objects/fuel package approach is described by Klote and Milke [3] as an 
approach where a fuel package can be made up of a number of fuel items. When the fuel 
package for the particular design fire scenario is well defined and unlikely to change over 
the chosen time interval, then the actual burning characteristics of the fuel package can be 
used as the design fire. 

- The design fire characteristics for a smoke movement analysis are described by Fitzgerald 
[5] to include: a relationship of time and the volume of smoke generation, smoke 
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temperatures, visibility and identification of corrosive or toxic gases for sensitive 
equipment. Normally the smoke generation from a single room of origin will be enough 
to understand the building performance with respect to smoke movement.  
 

Regarding the positioning of the design fire scenarios, in NFPA codes [1] [2] a number of design 
fire scenarios - that are required - are described and thus also the positioning of the design fires 
(for example in the primary means of egress).  
The Technical Committee ISO/TC 92 [6] states that the identification of most likely fire 
locations can be done by using fire statistics and if statistics are not available, one can instead 
make an assessment based upon the presence of heat sources, fuel packages and occupants. 
 
The effect of sprinkler system is discussed by the Technical Committee ISO/TC 92 [6]. In the 
publication it says that the heat release rate following activation of a sprinkler system is assumed 
to remain constant, unless it can be showed that the sprinkler system has been designed to 
suppress the fire within a specified period. In the latter case, the heat release rate is assumed to 
decrease in a linear manner over the specified period. Similarly, activation of a gaseous fire 
suppression system is assumed to suppress the fire soon after the design concentration of 
extinguishing agent has been reached. 
Klote and Milke [3] lists three cases regarding the effect of sprinkler system: sprinklers 
overpowered by fire where the heat release rate shows continued growth, constant heat release 
rate after sprinkler activation and fire decay after sprinkler activation. 
Furthermore Fitzgerald [5] lists the following questions that should be asked with respect to 
automatic sprinkler suppression:  

- Will the sprinkler fuse before the fire has extended beyond the fire size being evaluated? 

- Is the water discharge density sufficient to control (or extinguish) the fire? 
- Will enough water continue to flow until the fire is extinguished? 

- Is the water-spray distribution obstructed? 
 
The issue on probability is discussed by the Technical Committee ISO/TC 92 [6] where it says 
that the probability of occurrence of each event should be estimated using available data. The 
appropriate data source will vary from case to case. For some cases, characteristics of the initial 
fire are the subject and fire incident data are the appropriate data source for the probabilities. For 
other cases, states of systems and features are the subject and reliability data are the appropriate 
data source. 
Furthermore the relative probability of each scenario should be evaluated by multiplying all the 
probabilities along the path leading to the scenario. 
 
Regarding the consideration of consequence and risk rating the Technical Committee ISO/TC 92 
[6] says that when estimating the consequence of each scenario, available loss data should be 
used. The consequence should be expressed in terms of an appropriate measure such as the 
potentials for life loss or injury or the expected fire cost. The estimates may consider time-
dependent effects. It is necessary to identify important design fire scenarios during the qualitative 
design review stage. This can be done and be simplified by constructing an event tree. 
 
The approach of NFPA 101 and 5000 could very well be suited for use in mines, but would need 
some adjustments due to the special nature of the facilities. Regarding the issue of quantifying the 
design fires, the deterministic approach seems to be most appropriate as the actual number of 
fires in underground mines in Sweden is relatively small and thus evaluating the frequency of a 
possible fire scenario could be difficult.  
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The use of the approach of NFPA 101 and 5000 greatly simplifies the work and as you are free to 
add additional scenarios specified for the environment in question the risk of missing any 
important scenario decreases. 
When quantifying the design fire, the probabilistic approach runs the risk of simply adding 
additional uncertainties due to a lack of good statistics. Using the deterministic approach of 
potential worst credible fires offers a more practical tool for underground mines but has the 
disadvantage of lacking probability which might cause problem when prioritizing and selecting 
the design fires for further studies. 
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5. Design fires in underground mines 
 

5.1 General 
 
The main risk to people in an underground mine during a fire is the poor visibility and smoke 
inhalation. Thus suitable criteria with respect to life safety (egress) would be visibility and toxic 
gas. The focus – when establishing the design fire scenarios - should be on determining the 
spread of the smoke.  
With respect to continuity of business, suitable criteria could be the chlorine level in the smoke - 
as this will have a large effect on the surroundings and may demand extensive decontamination 
and thus longer interruptions in the production – and the damages caused by the heat from the 
fire.  
As the costs due to interruptions in the production by far exceed the costs due to property 
damage (as the mining company will take the costs for the initial days before the insurance is 
valid), only the life safety aspect and the continuity of business aspect seems relevant to use. 
Thus, when working on the design fire scenarios only the safety of the personnel and the 
production contingency have been considered. 
 
In contrast to building applications, where pre-flashover fires are of primary interest for life 
safety analysis, for mining applications, fully developed fires are also of interest for life safety 
because of large smoke spread distances involved. Fully developed fires will also have an impact 
on the mining structure, mining equipment and structural components.  
Please observe that flashover is highly unlikely in underground mines (i.e. non-coal mines) due to 
the limited amount of flammable material (both in quantity and spatial coverage). Thus the 
flashover phenomenon should generally not be considered during the work on the design fire 
scenarios in underground mines. 
 
The relatively low temperatures generated from smouldering fires and the case where smoke is 
being spread longer distances in mine drifts, mean that there is little buoyancy in the combustion 
products and thus little likelihood of smoke stratification under the mining roof as with hotter 
fires. This will increase the hazards to personnel during egress and must be considered during the 
development of design fire scenarios. 
 
The growth of a fire in a mine is highly depending on the arrangement of the combustibles and 
the way oxygen can be drawn in. As the fire grows in size, the rate of growth accelerates. If the 
fire remains localised to the item first ignited, the fire becomes fuel-controlled and decays. 
However, if the fire spreads to other combustible items, this may cause onset of rapid transition 
from a localised fire to the combustion of several other items nearby.  
But as the fuel in underground mines is generally limited with respect to spatial extent, a majority 
of the design fire scenarios will deal with fires limited to the item first ignited. 
 
With respect to transient fuels, there are two possible examples in the underground mines: 

- During the regular maintenance stops underground, the nature of the activity changes 
dramatically: parts of the production is stopped, the number of personnel underground 
increases considerably, hot works are conducted throughout most parts of the mine, large 
amount of equipment and material (such as combustible material) are transported 
underground etc.  

- Some transports in the main ramps changes the risk situation considerably for the main 
ramps, such as transports with explosives and flammable liquid.  
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Regarding the human factor, the influence of mining personnel, fire brigade etc on the 
development of a fire will most likely be smaller than when comparing with a facility above 
ground. The major reasons for this are: 
- The fact that the number of miners working at one time in the mines is low and it is only in a 
few places that miners are present throughout most of the day’s hour. 
- The time it takes for the fire brigade to arrive at the scene of the fire is considerable and will at 
least not affect the fire during the early phases. This will also limit the number of possible actions 
available to the fire personnel. 
Thus the dependence upon fire protection is great. Furthermore, the influence of the mining 
personnel and the fire brigade was decided to not be included in the analysis, due to the 
circumstances listed above. 
 
The probability aspect has somewhat been accounted for when developing the design fire 
scenarios as for example the statistics have pointed out vehicle fires as prioritized. 
 

5.2 Accounting for different types of installations and equipment 
 
With respect to existing fire statistics, the design fire scenarios should focus on fires caused by 
flammable liquid sprayed onto a hot surface, electrical shorting/arcing and hot works. [9]  
 
Both the production area and the infrastructure part should be included when developing design 
fire scenarios as fires are almost identically frequent in both areas.  
 
In an inventory report Hansen [7] describes that in the Kiruna mine larger amount of wood are 
found at for example the transport level, at the visitor mine and in most warehouses. Smaller 
amount of tyres are found at the 740 and the 775 level, being stored at the depots of the 
contractors. Self extinguishing conveyor belts are found for example at the distribution level. 
Larger amount of cables are for example found at pumping stations, media shafts, crusher level 
and cable vaults. 
As fires in larger loads of wood, tyres and cables will lead to an extensive spread of smoke and 
have large effect on a sensitive surrounding; fires in those types of materials should be included 
when working out design fire scenarios in underground mines. 
In the Malmberget mine larger amount of wood are found for example in some shafts and in 
major warehouses. In the workshops at the 600 level, the 815 level and the 1000 level large 
amount of tyres are stored. Self extinguishing conveyor belts are found for example at the larger 
transport drifts and loading areas. Larger amount of cables are found in media shaft, cable vaults 
and cable vaults. 
Larger amount of flammable liquid in the Kiruna mine and the Malmberget mine is for example 
found at the tank stations, draw points, main ramp, shaft hoisting level, media drift, production 
area and larger workshops and warehouses. 
Fires in flammable liquid will have a rapid fire growth and an extensive smoke spread, having a 
large effect on the people and installations in the surroundings. 
 
Down in the mines there are generally three sites with a much higher density of people than 
compared with the other parts of the mines: visitor mine, canteen and main ramp. These three 
types of sites should also be included during the work on developing suitable design fire 
scenarios for underground mines, due to the high consequences during a fire at any of these types 
of sites. 
 
The following types of installations were chosen as being representative based upon the 
recommendations from the inventory report by Hansen [7]: warehouse, workshop, visitor mine, 
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cable shaft and vaults, canteen, main ramp, pumping station, crusher level, tank stations, draw 
points, media drift, distribution level and shaft hoisting level. 
The following type of equipment was chosen: vehicles. The reason for this is that vehicles are 
found in large numbers throughout every mine and is not restricted to a certain number of places 
underground. 
 

5.2.1 Warehouse 
 
As mentioned before wooden pallets with wooden frames – in pallet racking systems - are found 
in most of the warehouses and in the larger warehouses you will also find larger amount of 
flammable liquid being stored. Thus when evaluating a warehouse facility the following types of 
design fires are recommended being included: 
 
- Rack storage fire. 
- Pool fire. 
 

5.2.2 Workshop 
 
The major risks in larger workshops underground are: flammable liquid and tyres being stored 
and vehicles being parked or worked on in the workshops. Thus when evaluating larger 
workshops the following types of design fires are recommended being included: 
 
- Pool fire. 
- Vehicle fire. 
- Fire in tyres. 
 

5.2.3 Visitor mine 
 
The dominating risks in the visitor mines are: electrical and electronical device in compartment 
adjacent to the assembly hall, an abundance of cables across most parts of the mine, hot surfaces 
in the cafeteria and a large amount of combustibles in the museum section (i.e. wooden huts). 
Thus when evaluating the visitor mine the following types of design fire are recommended being 
included: 
 
- Fire in projector or other electronic device in the multimedia section. 
- Cable fire. 
- Kitchen fire (i.e. hot surface). 
- Fire in wooden hut. 
 

5.2.4 Cable shafts and vaults 
 
The dominating risk in cable shafts and vaults is clearly – and obviously – the high load of cables. 
Thus when evaluating the cable shafts and vaults the following type of design fire is 
recommended being included: 
 
- Cable fire. 
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5.2.5 Canteen 
 
The dominating risks in the canteen are: hot surfaces in the kitchen, hot objects being mixed and 
stored with garbage and cables across most parts of the facility. Thus when evaluating the 
canteen the following types of design fire are recommended being included: 
 
- Kitchen fire (i.e. hot surface). 
- Fire in garbage. 
- Cable fire. 
 

5.2.6 Main ramp 
 
The dominating risks in the main ramp are: large density of vehicles, high load of cables along the 
ramp and diesel tanks positioned at certain places along the main ramp. Thus when evaluating the 
main ramp the following types of design fire are recommended being included: 
 
- Vehicle fire. 
- Cable fire. 
- Pool fire. 
 

5.2.7 Pumping station 
 
The dominating risks in the pumping stations are: flammable liquid being used and stored and 
large amount of cables across the facility. Thus when evaluating the pumping stations the 
following types of design fire are recommended being included: 
 
- Pool fire. 
- Cable fire. 
 

5.2.8 Crusher level 
 
The dominating risks in the crusher level are: hydraulic oil under pressure in the hydraulic 
containers, vehicles being parked at the level and a large load of cables across most parts of the 
level. Thus when evaluating the crusher level the following types of design fire are recommended 
being included: 
 
- Spray fire (hydraulic oil). 
- Vehicle fire. 
- Cable fire. 
 

5.2.9 Tank station 
 
The dominating risks in the tank stations are: large amount of flammable liquid being stored and 
handled and a large amount of vehicles. Thus when evaluating the tank stations the following 
types of design fire are recommended being included: 
 
- Pool fire. 
- Vehicle fire. 
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5.2.10 Draw point 
 
The dominating risks at each draw point are: flammable liquid (hydraulic oil) under pressure and 
an abundance of electrical cables. Thus when evaluating each draw point the following types of 
design fire are recommended being included: 
 
- Cable fire. 
- Spray fire. 
 

5.2.11 Media drift 
 
The dominating risks in the media drift are: large volumes of flammable liquid being stored and 
handled and large amount of vehicles at the level or passing through the drift. Thus when 
evaluating the media drift the following types of design fire are recommended being included: 
 
- Pool fire. 
- Vehicle fire. 
 

5.2.12 Distribution level 
 
The dominating risks at the distribution level are: flammable liquid being stored and handled, 
large density of vehicles and an extensive network of conveyor belts. Thus when evaluating the 
distribution level the following types of design fire are recommended being included: 
 
- Pool fire. 
- Vehicle fire. 
- Fire in conveyor belt. 
 
Even though only self-extinguishing conveyor belts are allowed underground, a fire nearby a self-
extinguishing conveyor belt will result in an extensive smoke production from the belt. Also the 
following parts of the conveyor belt installation - that are listed in a US regulation [8] - have a 
higher fire hazard and may cause a fire: 
- Area around the drive rolls. 
- The head or discharge roller area. 
- The drive motors and gear reducers. 
- The take up area. 
- The belt electrical controller. 
 

5.2.13 Shaft hoisting level 
 
The dominating risk at shaft hoisting level is: flammable liquid being stored and handled at the 
level. Thus when evaluating the shaft hoisting level the following type of design fire is 
recommended being included: 
 
- Pool fire. 
 

5.2.14 Production area 
 
The dominating risks in the production area are: the large amount of heavy vehicles with a high 
fire load and flammable liquid being stored and handled. Thus when evaluating the production 
area the following types of design fires are recommended being included: 
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- Vehicle fire. 
- Pool fire. 
 

5.2.15 Vehicles 
 
With respect to vehicles, all the common heavy vehicles listed in this report would be worthwhile 
to try to reconstruct a possible fire scenario for each type of vehicle. 
According to Hansen [9] the types of mobile equipment to focus on should be: service vehicles, 
drilling rigs and loaders. 
The construction and combustible contents of a vehicle (for example electrical fault or 
overheating parts in its engine compartment) could be a potential source of a smouldering fire in 
mines. 
In a drift with parked vehicles or a workshop for vehicles the fuel package approach could be 
used due to the obvious risk of fire spread between the different items. 
 

5.3 Factors influencing the consequences of various design fire scenarios 
 
In order to get a better picture of the influencing factors on the outcome of various, possible 
design fire scenarios, a matrix was constructed. In appendix 1 the various design fires are listed 
and for each design fire scenario the following influencing factors are quantified when deemed of 
interest to the proceeding selection process: 

- Maximum HRR. 

- Number of people in the area. 

- Growth of HRR. 

- Fuel load. 
- Smoke spread. 

- Smoke production. 

- Fire spread. 
 
Based upon the result of appendix 1 the following design fire scenarios were selected for further 
studies based upon that they showed the largest number of negatively influencing factors, i.e. a 
large maximum HRR, a large number of people in the area, a rapid growth of HRR, a high fuel 
load, an extensive smoke spread, an extensive smoke production and a fast and extensive fire 
spread: 

- Vehicle fire in the main ramp. 

- Pool fire in the main ramp. 

- Pool fire at a tank station. 
- Pool fire in the media drift. 

- Vehicle fire in the media drift 

- Pool fire at the distribution level. 
- Pool fire in a shaft hosting level. 

- Vehicle fire in the production area. 

- Pool fire in the production area. 
- Vehicle fire in a parking drift. 
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5.4 The positioning with respect to ventilation 
 
According to Hansen [7] both the production area and the infrastructure part should be regarded 
due to the differences in ventilation system. Also depending upon if you are above or below the 
775 level, both cases should be regarded when working on suitable design fire scenarios. 
In the production area the position of the fire with respect to the ventilation should be regarded 
when developing suitable design fire scenarios (for example positioning the fire at certain 
distances from the end of the intake air tube). 
The impact on the fire behaviour as a Ventiflex PVC-tube is being burned up in a production 
area should be regarded when working on suitable design fire scenarios. 
 
When working out the design fires, the influence of the ventilation system on the evolution of 
the fire should be included as well as the influence on the smoke spread. 
 

5.5 The positioning with respect to active fire protection 
 
According to Hansen [7] the function and impact of oversteering of the ventilation system 
should be included and investigated in areas where this possibility exists. 
 
The impact of a vehicle fire on the surroundings should be considered when developing suitable 
design fire scenarios for the following sites: 
- Parking drift protected by an automatic sprinkler system. 
- Larger workshop protected by an automatic sprinkler system. 
 

5.6 The positioning with respect to surrounding risks 
 
With respect to the risk of a very high fuel load characteristic, the following types of fires and 
sites should be considered when working out possible design fire scenarios: 

- Vehicle fire in a parking drift with densely parked vehicles. 
- Vehicle fire in a heavy vehicle positioned in a workshop with several adjacent heavy 

vehicles. 
- Rack storage fire in a warehouse. 

- Larger vehicle running into a diesel tank in the main ramp, causing a pool fire and a 
vehicle fire. 

 
With respect to an extensive smoke spread, the following type of fire and site should be 
considered when working out possible design fire scenarios: 

- A pool fire at the distribution level causing a fire in a conveyor belt and thus resulting in 
an extensive smoke production and smoke spread.  

 

5.7 The positioning with respect to sensitive surroundings  
 
The ventilation system strategy in the Malmberget mine regarding preventing smoke spread to 
adjacent compartments should be regarded when working out suitable design fire scenarios.  
 
The likelihood and impact on the surroundings when power cables to the intake and exhaust air 
fans are being burned off should be included when developing design fire scenarios. 
 
When developing design fire scenarios with respect to a surrounding with a large number of 
people, the following sites, factors and types of fires could be included:  
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- Vehicle fire on the outside of the visitor mine, without a detection system or suppression 
system. 
- Vehicle fire on the outside of the canteen, without a detection system or suppression system. 
- Pool fire in a drift outside the canteen, without a detection system or suppression system. 
- Cable fire (i.e. a slowly growing fire) on the outside of the visitor mine, protected from fire 
protection systems. 
- Cable fire (i.e. a slowly growing fire) on the outside of the canteen, protected from fire 
protection systems.   
- A vehicle fire (heavy vehicle) in the main ramp. 
- A pool fire in the main ramp. 
 
With respect to business continuity the following sites and types of fires should be included: 

- Pool fire in a pumping station. 

- Larger vehicle fire at the track level. 

- Pool fire that also involves conveyor belts at the distribution level. 
- Cable fire in a cable shaft. 

 

5.8 Representative design fire curves 
 
In order to facilitate the work on selecting representative design fires, a matrix was constructed in 
order to get a better overview of the possible scenarios, their effects on the surroundings, the 
influence of ventilation and active fire protection. The included design fire scenarios were the 
selected scenarios from the table in appendix 1 plus the design fire scenarios that were selected 
and listed above due to their large impact on the following factors: ventilation, active fire 
protection, surrounding risks and sensitive surroundings. See appendix 2 for the resulting table. 
 
A number of specific design fire scenarios were picked out for further studies and quantification, 
based upon the findings when working on the tables in appendix 1 and 2 representing different 
aspects of: 

- Ventilation, i.e. newer ventilation system with the possibility of oversteering or the older 
ventilation system. 

- Active fire protection, i.e. the presence of a sprinkler system, fire alarm etc or not. 

- Sensitive surroundings, i.e. the presence of a large number of people in the area or not, 
the large impact on the business continuity or not. 

and in all cases (except for the cable fire scenario) a high fire severity. 
 
The following design fire scenarios were finally picked out for further studies and quantification: 

- Pool fire in the main ramp (involving a diesel tank). 

- Vehicle fire (heavy vehicle) in a parking drift which is protected by a sprinkler 
system. 

- Vehicle fire (loader/drilling rigg) in the production area. 

- Cable fire at the visitor museum, with no automatic fire alarm at the site of the 
fire. 

- Vehicle fire (bus) outside the visitor museum. 
 
As the ventilation conditions in the Malmberget mine has not yet been described, only scenarios 
in the Kiruna mine were worked on. But the selected scenarios are all applicable to the 
Malmberget mine as well as other mines. 
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5.8.1 Pool fire in the main ramp 
 
The chosen site of the pool fire was along road 25 (one of the main ramps) at level 1028, where a 
diesel tank containing 6 m³ of diesel is situated.  
The tank is situated right beside the main ramp, in a service drift. The only installations in the 
nearby area are an intake shaft and an exhaust shaft. The main ramp can be looked upon as a 
sensitive installation, as the main ramp will both function as the main egress route as well as the 
main attack route for the rescue services. The main risk in the nearby area is the traffic with 
vehicles. 
 
The tank was assumed to be punctured at the bottom, resulting in a leakage from a circular hole 
with a diameter of 10 mm. 
Calculating the flow rate through the hole (assuming an initial liquid height of 1.5 m in the tank) 
using an expression by Ingason [10]:  
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Where: 
q  is the spill flow (l/s) 

TA  is the horizontal surface area (m²), is assumed to be 5 m² 

D  is the hole diameter (m) 

1h  is the initial height of fluid (m) 

vC  is the flow contraction coefficient, is set to 0.7 

 
Resulting in the following spill flow as a function of time: 
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Figure 4. The spill flow as a function of time. 
  
The regression rate of a thick fuel bed: 0.066 kg/s·m² [11] 
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The regression rate of a thin fuel bed: 0.036 kg/s·m² [10] 
Calculating the corresponding required spill flow for various pool areas and a density of 

85.0=dieselρ kg/dm³, the conclusion is that the depth of the pool fire in this specific case will be 

a thin fuel bed.  
 
This fuel depth will correspond to the following heat release rate per m² fuel: 0.25-0.30 MW/m² 
[12]. Calculating the maximum spillage area using an expression by Ingason [10]:  
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Where: 
ρ  is the density of fluid (kg/m³) 

''
m&  is the spillage burning rate (kg/s·m²), setting it at 0.036 kg/s·m² 
 
The calculations resulting in a maximum spillage area of ~7 m². 
This will imply a maximum heat release rate of 1.75-2.1 MW. The peak value of 2.1 MW was 
used when constructing the heat release rate curve as a conservative approach.  
Studying the growth phase and decay phase of a diesel pool fire in figure 3 presented by 
Lönnermark, Kristensen, Helltegen and Bobert [13] the duration of the growth phase and decay 
phase respectively was assumed to be ~30 seconds. Using the total energy content of the 6 m³ 
and assuming a combustion efficiency of 0.7 the total fire duration was calculated to ~20 hours. 
Resulting in the following heat release curve of the diesel pool fire for the first hour: 
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Figure 5. The heat release rate curve of the pool fire in the main ramp. 
 
In order to verify whether the fire was ventilation controlled or not, the following expression 
presented by Ingason [14] was used: 
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Q&  is the maximum heat release rate (kW) 

am&  is the air mass flow rate (kg/s) 

φ  is the air-to-fuel mass ratio 

 
The drift was assumed to be 5 m in height and 5 m in width. The ventilation velocity was 
assumed to be 0.3 m/s. Resulting in a air-to-fuel mass ratio of ~13, which is larger than 1 and 
thus the fire is fuel controlled. Thus the earlier calculated 2.1 MW will persist as the maximum 
heat release rate. 
 

5.8.2 Vehicle fire in the production area 
 
Regarding the vehicle fire – involving a heavy vehicle - in the production area, the site of the fire 
was chosen in a transversal drift – underneath a PVC-tube - in a random production area. The 
fire is thus assumed to burn off the PVC-tube at the site. See also appendix 3 for a general 
overview of the area.  
The ventilation in the production area differs depending upon whether you are in a longitudinal 
drift (along the footwall) or in a transversal drift (across the ore from the footwall to the hanging 
wall). In the transversal drift the air is distributed using fans and PVC-tubes. The tube has a 
length of approximately 200 m in each direction. Where the tube ends, air is being ejected. The 
ventilation velocity in the transversal drift is ~0.24 m/s.  
In the longitudinal drift air is transported into the drift and ejected approximately 30 metres from 
the end of the drift. The ventilation velocity in the longitudinal drift is ~0.2 m/s according to 
Linnsén [15]. 
The transversal drift is situated right after the entrance to the production area. In the nearby area 
one can find a transformer and an oil refill station. The smoke spread to adjacent production 
areas can be looked upon as the critical event with respect to sensitive installations, as no fire 
barriers are present in the production area. The main risks in the nearby area are the transformer 
and the oil refill station. 
Assuming first that the vehicle in question is a loader (a Toro 0011 to be more precise), a 
summation method presented by Ingason [16] was used in order to establish the heat release rate 
curve.  
The fire was assumed to start by the ignition of leaking hydraulic oil from a bursted hose, the 
hydraulic oil spreading and forming a pool at the left, rear tyre. The fire spreading further on to 
the right, rear tyre and then on to the hydraulic hoses and other hoses in the front part of the 
vehicle. Finally the left, front tyre and the right, front tyre are also ignited. It is assumed that the 
fire load of the cab is low and will thus not contribute any significantly to the heat release rate. 
 
The pool fire underneath the left, rear tyre: 
The loader is equipped with a hydraulic oil tank containing 450 litres of hydraulic oil [7]. It was 
assumed that the leaking hydraulic oil was more or less instantaneously ignited by for example a 
hot surface. Assuming that the leaking hydraulic oil comes from an hydraulic hose with an inner 
diameter of ½’’, a working pressure of 190 bar, a density of 760 kg/m³ and a hole diameter of 0.5 
mm, the fluid velocity was calculated to ~220 m/s using the Bernoulli equation. Based upon the 
calculated fluid velocity, the fluid density and the hole diameter, the following massflow was 
calculated: ~0.03 kg/s. 
Calculating the maximum spillage area using an expression by Ingason [10] resulting in a 
maximum spillage area of ~0.7 m² (using a burning rate value measured for a thin fuel bed with 
gasoline, as no corresponding value was found for hydraulic oil). 
Assuming a heat release rate per unit area of 1 MW/m², results in a maximum heat release rate of 
700 kW.  
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Using the total energy content of the 450 litres and assuming a combustion efficiency of 0.7 the 
total fire duration was calculated to ~ 240 minutes. 
Resulting in the following heat release curve of the hydraulic oil pool fire for the first hour: 
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Figure 6. The heat release rate of the pool fire at the left, rear tyre. 
 
The fire in the left, rear tyre: 
When calculating the maximum heat release rate of the fire in the tyre, a maximum heat release 
rate per exposed surface area – presented by Ingason [17] - of 0.20 MW/m2 was used. Estimating 
the exposed surface of one tyre to be approximately 10.5 m2, the maximum heat release rate was 
calculated to 2.1 MW. Studying the ascent and the general appearance of the heat release rate 
curve of a fire in a loader tyre presented by Ingason [17], it was found that the initial maximum 
heat release rate was attained after less than 90 minutes (the first peak value at ~3 minutes was 
mainly contributed to the diesel fire). The weight of the tyre was estimated to ~700 kg [18]. Using 
a heat of combustion of 27 MJ/kg [17], the energy content of a tyre is calculated to 18.9 GJ.  
The heat release rate curve of the tyre fire is then constructed based upon the peak value and 
energy content listed above: 
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Figure 7. The heat release rate of the tyre fire (left, rear tyre). 
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The heat release rate curve in figure 7 has the following expression:  
 

tt eeQ ⋅−⋅− ⋅−⋅⋅⋅= 000267.04.3000267.0 )1(4.24.42100&  [kW] 

 
When calculating the heat flux from the pool fire and fires in tyres, only the radiative heat flux 
from the fire was accounted for as this mechanism will be the dominating one in this specific 
case. Using the following approximate algorithm when calculating the external radiative heat flux: 
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Where: 

cQ&  is the rate of heat release [kW] 

L  is the distance between the flames and the target object [m], which is set to 0.01 m 
 
Ignition occurs when: 
 

''''

, crfluxrad qq && =  

 

Assuming a critical heat flux - ''

crq&  - of 17.1 kW/m² listed by Babrauskas [19], which applies to 

natural rubber. 
 
The critical heat flux was attained almost instantaneously. Adding the heat release rate curve of 
the pool fire and the tyre fire, the following heat release rate curve was received: 
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Figure 8. The heat release rate of the pool and tyre fire. The reason for the sudden drop is related 
to extinguishment of the pool fire.  
 
The fire in the right, rear tyre: 
The same heat release rate curve as for the left, rear tyre was used. See Figure 7. The tyre is 
assumed to be ignited by the pool fire and the fire in the left, rear tyre. Using the same algorithm 
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as for the ignition of the left, front tyre and assuming that the distance between the edge of the 
pool fire and the right, rear tyre is 1.0 m. The distance between the two tyres is ~1.2 m [7].  
The right, rear tyre was calculated to ignite after ~870 seconds. Adding the heat release rate curve 
of the pool fire and the fires in the two tyres, the following heat release rate curve was received: 
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Figure 9. The heat release rate of the fire involving the diesel pool and two tyres. 
 
The fire in the left, front tyre: 
The same heat release rate curve as for the left, rear tyre was used. See Figure 7.  
The same algorithm and critical heat flux is used as for the ignition of the left, rear tyre and 
assuming that the distance between the edge of the pool fire and the left, front tyre is 4 m. The 
distance between the left, front tyre and the left, rear tyre is 1.75 m [7]. The distance between the 
left, front tyre and the right, rear tyre is ~2.1 m using Pythagorean theorem. 
The left, front tyre was calculated to ignite after ~48 minutes. Adding the heat release rate curve 
of the pool fire and the fires in the three tyres, the following heat release rate curve was received: 
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Figure 10. The heat release rate of the fire involving the diesel pool and three tyres. 
 
The fire in the right, front tyre: 
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The same heat release rate curve as for the left, rear tyre was used. See Figure 7. The tyre is 
assumed to be ignited by the pool fire and the fires in the other three tyres. Using the same 
algorithm as for the ignition of the left, front tyre and calculating that the distance between the 
edge of the pool fire and the right, front tyre by using Pythagorean theorem to ~4.1 m. The 
distance between the right, front tyre and the left, rear tyre is ~2.1 m using Pythagorean theorem. 
The distance between the right, front tyre and the right, rear tyre is 1.75 m [7]. The distance 
between the right, front tyre and the left, front tyre is ~1.2 m [7]. 
The right, front tyre was calculated to ignite after ~56 minutes. Adding the heat release rate curve 
of the pool fire and the fires in the four tyres, the following heat release rate curve was received: 
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Figure 11. The heat release rate of the fire involving the diesel pool and four tyres. 
 
The fire in the hydraulic hoses and other hoses: 
The hydraulic oil container and a major part of the rubber hoses are situated on the right side of 
the cab. Hydraulic hoses are generally made by any of the following materials: fluorocarbon, 
nitrile rubber, styrene butadiene, teflon, cross linked polyethylene, polyamide resins, chlorinated 
polyethylene and polyvinyl chloride.  
Assuming that the hydraulic hoses and the other types of hoses were made of a mixture of 
polyvinyl chloride and nitrile rubber, the following heat release curve – presented by Wetterlund 
I. and Göransson U. [20] - was used for the hydraulic hoses and other hoses case:  
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Figure 12. The heat release rate of the hose fire. 
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The total weight of the hoses was assumed to be ~60 kg. The duration of the hose fire was ~2 
hours. The following critical heat flux value of nitrile rubber – presented by Babrauskas [19] - was 
used for the hoses: 26.3 kW/m2. 
The construction of the vehicle will shield the hoses from the tyres on the left side. As the hoses 
are situated on the right side, it is assumed that the hoses will be ignited by the two tyres on the 
right side and the pool fire. Assuming a distance between the major part of the hoses and the 
right, rear tyre of ~0.5 m and a distance of ~1.5 m to the right, front tyre and a distance of ~3 m 
to the pool fire, the hoses were calculated to ignite after ~ 37 minutes. 
Resulting in the following expression and total heat release rate curve for all the involved 
components of the vehicle: 
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Figure 13. The heat release rate curve of the fire in a loader in the production area. 
 

5.8.3 Vehicle fire in a parking drift 
 
Regarding the vehicle fire – involving a heavy vehicle - in a parking drift which is protected by a 
sprinkler system, the site of the fire was chosen as the parking drift at the 1045 level (transport 
level). 
The parking drift is situated right after the main entrance to the 1045 level. In the nearby area one 
can for example find offices, storage area, workshop and a rescue room. The rescue room can be 
looked upon as a sensitive installation, as the majority of the personnel will most likely be there 
during a fire. The main risks in the nearby area are gas bottles (acetylene, oxygen and methane), 
parked vehicles and explosives being stored close by. 
 
Assuming that the vehicle in question is a heavy vehicle corresponding to the loader Toro 0011, 
resulting in the same heat release rate curve as in Figure 13 (for the free burning case). 
 
The parking drift is protected by an automatic water sprinkler system. 
The effect of the sprinkler system on the heat release rate curve was accounted for by considering 
the results of Arvidson [21]. In the article a number of large-scale fire experiments – simulating a 
fire on a ro-ro deck of a ship containing heavy goods freight trucks and trailers - are described. 
Parameters such as the water discharge density and whether the goods were shielded or not were 
investigated. The experiments showed that where the fires were fully exposed to the water spray 
there is a clear relationship between the level of sprinkler performance and the water application 
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rate. For example a discharge density of 10 mm/min provided fire suppression, i.e. the fire 
decayed after the sprinkler activation. Be aware that the experiments conducted by Arvidson [21] 
were conducted using cartons filled with Polystyrene cups, thus the applicability of the results are 
somewhat limited in this case.  
The actual flow rate of the sprinkler system at the 1045 level is 10 mm/min. Thus the case of the 
heat release rate of the vehicle fire was assumed to decay in accordance to the findings of 
Arvidson [21] for the non shielded case.  
 
The fire decay can be expressed as [3]: 

τ/)( acttt

act eQQ
−−⋅= &&   [kW] 

 
Where: 

Q&  is the post sprinkler activation rate of heat release [kW] 

actQ&  is the rate of heat release at sprinkler activation [kW] 

t  is the time from ignition [s] 

actt  is the time of sprinkler activation [s] 

85.1

0.3

w
=τ  

w  is the spray density [mm/s] 
 
The time interval between the activation of the sprinkler system and when the suppression 
effects are being noticed is assumed to be one minute, in accordance with the findings of 
Madrzykowski and Vettori [22].  
Calculating the activation time of the sprinkler system:  
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Using the following expressions as r/H>0.18: 
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Where: 

dT∆  is the temperature difference of the sprinkler element for a time interval [ºC] 

aT  is the ambient temperature [ºC] 
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Using a spreadsheet the following activation time is calculated: ~60 seconds. 
 
After 2 minutes the HRR is ~700 kW, resulting in the following heat release curve:  
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Figure 14. The heat release rate curve of the fire in a heavy vehicle which is parked in a drift that 
is protected by a sprinkler system. 
 

5.8.4 Cable fire at the visitor museum 
 
With respect to a cable fire just outside the visitor museum (level 540), a suitable site would be 
the drift just outside the museum where no automatic fire alarm exists.  
See also appendix 4 for a general overview of the level.  
When designing a HRR curve for a cable fire, a horizontal cable tray with a mixture of low 
voltage, telephone and data cables was assumed. A ventilation velocity of 1.5 m/s was assumed. 
The following HRR curve (curve H5 in the graph below) corresponding to the above 
assumptions was used during the work: 
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Figure 15. The HRR curve for a mixture of various types of cables on a horizontal cable tray 
(curve H5) [23]. 
 
The area just outside the visitor museum is located at level 540, shortly after turning off main 
ramp (road 22). In the nearby area one can for example find smaller workshops, museum, 
assembly hall, café etc. The café also serves as a rescue room.  
The visitor mine – with museum, assembly hall, café etc. - can be looked upon as a sensitive 
installation, as the majority of the people will most likely be there during a fire. The main risks in 
the nearby area are vehicles in traffic and cables along drift just outside the visitor museum. 
 

5.8.5 Bus fire at the visitor museum  
 
Regarding the bus fire at the visitor museum, the site of the fire was chosen to be the drift just 
outside the museum where the buses park and unload the visitors. There is no automatic fire 
alarm in the drift in question. See also appendix 4 for a general overview of the level.  
A ventilation velocity of 0.3 m/s was assumed for the drift. 
Assuming first that the vehicle in question is a Volvo bus (model 8500 to be more precise, see 
appendix 5 for the general dimensions), a summation method by Ingason [16] was used in order 
to establish the heat release rate curve.  
The fire was assumed to start by the ignition of leaking diesel at the rear of the bus, resulting in a 
pool fire. The fire spreads further on to the rear tyres, then into the passenger compartment and 
finally to the front tyres. 
It is assumed that only the tyres, the diesel and the seats will significantly contribute to the total 
heat release rate of the bus, thus all other combustible material was not accounted for when 
constructing the total heat release rate curve. 
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The pool fire underneath the rear tyres: 
The diesel tank of the bus is assumed to contain 500 litres of diesel [24]. It was assumed that the 
leaking diesel comes out from a hole with an approximate diameter of 10 mm, thus it will form a 
thin fuel bed (see conclusions for the pool fire in main ramp). The thin fuel depth will 
correspond to the following heat release rate per m² fuel: 0.25-0.30 MW/m² [12]. The maximum 
spillage area was calculated using the same expression as for the pool fire in the main ramp, 
assuming a horizontal surface area of 0.5 m² and an initial height of fluid of 0.15 m resulting in a 
maximum spillage area of ~2.4 m². Thus the maximum heat release rate is calculated to 0.6-0.72 
MW. The peak value of 0.72 MW was used when constructing the heat release rate curve as a 
conservative approach. Using the total energy content of the 500 litres and assuming a 
combustion efficiency of 0.7 the total fire duration was calculated to ~300 minutes. 
Resulting in the following heat release curve of the diesel pool fire for the first two hours: 
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Figure 16. The heat release rate of the pool fire underneath the bus. 
 
The fire in the rear tyres: 
 
The tyre dimensions are: 295/80R22.5 [24], implying a width of 0.295 m, 0.236 m high vertical 
surface and a rim diameter of 0.575 m. The exposed rubber area is calculated to ~2.17 m². When 
calculating the maximum heat release rate of the fire in the tyre, a maximum heat release rate per 
exposed surface area – presented by Ingason [17] - of 0.20 MW/m2 was used, resulting in a 
maximum heat release rate of ~0.43 MW. The maximum heat release rate was assumed to be 
attained after approximately 30 minutes [25]. The weight of the tyre was estimated to ~57 kg [26]. 
Using a heat of combustion of 27 MJ/kg [17], the energy content of a tyre is calculated to ~1.54 
GJ.  
The heat release rate curve of the tyre fire is then constructed based upon the peak value and 
energy content listed above: 
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Figure 17. The heat release rate curve of the bus tyre. 
 
The heat release rate curve in Figure 17 has the following expression:  
 

tt eeQ ⋅−⋅− ⋅−⋅⋅⋅= 00063.01.200063.0 )1(26.21.3430&  [kW] 

 
Using the same algorithm as for the loader tyre when calculating the external heat flux. Assuming 
a critical heat flux of 17.1 kW/m² and a distance of 0.1 m between the pool fire and the rear 
tyres, the ignition time of the rear tyres was calculated to be almost instantaneously with the 
ignition of the pool fire. Resulting in the following heat release rate curve for the pool fire and 
the fire in the two tyres: 
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Figure 18.The heat release rate curve of the pool fire and the fire in the two rear tyres. 
 
The fire in the passenger compartment: 
It is assumed that the bus seats will contribute most to the heat release rate of the passenger 
compartment, thus all other combustible material in the passenger compartment was not 
accounted for. 
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The passenger compartment is simplified by assuming that it consists of thirteen rows of seats 
with four seats in each row and with an average distance of ~0.2 m between each row, see 
appendix 5.  
The critical heat flux of a bus seat is assumed to be 7.8 kW/m2 [27]. 
The following heat release rate curve – presented by Johansson and Axelsson [28] - was used for 
each bus seat: 
 

 
Figure 19. The heat release rate curve of a bus seat. The unit of the heat release rate is kW. 
 
Please observe that the heat release rate of the burner – 30 kW – is included in the figure above. 
 
The heat release rate curve in Figure 19 was reconstructed mathematically where the heat release 
rate of the burner was subtracted from the total heat release rate:  
 



 44

 
HRR Bus seat

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10 11 12

t (min)

H
R

R
 (
k
W

)

HRR Bus seat

 
Figure 20. The HRR curve of the bus seat reconstructed mathematically. 
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The fire is assumed to spread to the passenger compartment from the wheel houses via the floor 
and the side wall. The ignition of bus seats will occur due to flames occurring through an opening 
in between the wheelhouse and the side wall and side windows [29]. Thus the primary spread 
mechanism is assumed to be flame radiation. 
 
The Heskestad correlation was used when calculating the flame height of the tyre fire: 
 

DQL f ⋅−⋅= 02.1235.0 5/2&    [m] 

 
When calculating the flame height of a tyre fire, the mid-height of the tyre was used as the origin. 
Calculating the flame height and only accounting for the flame part above the wheelhouse, the 
following graph was produced: 
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Figure 21. The flame height above the wheelhouse. 
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The distance – horizontally – between the opening and the closest bus seat is assumed to be 0.1 
m. 
The length of the opening is assumed to be half the diameter of the tyre, i.e. ~0.52 m. 
The flame is assumed to be of rectangular shape.  
The radiative part of the total heat release rate is assumed to be 30%.  
 
Using the following expression to calculate the radiative heat flux: 
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Where:  

radQ& is the radiative part of the heat release rate [kW] 

fA is the flame surface [m2] 

F is the view factor 
τ is the atmospheric transmissivity, assumed to be 1 
 
The view factor is calculated using the following expressions: 
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Where: 
a, b are the sides of the rectangular shaped flame [m] 
c is the distance between the flame and the target [m] 
 
The radiative heat flux was calculated as a function of time, resulting in the following graph:  
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Figure 22. The heat flux at the bus seat closest to the flames. 
 
The critical heat flux – 7.8 kW/m2 – was exceeded after ~460 seconds. For simplicity the row 
above the wheelhouse was assumed to be ignited at this stage, via the two wheelhouses in the 
rear. 
 
Assuming that the fire environment of the passenger compartment is a two layer equivalent, the 
calculations of the total heat flux from the fire to adjacent seat rows are separated into two parts: 

- Radiant heat flux to the seats from the upper gas layer. 
- Radiant heat flux to the seats from the flames. 

The two radiant heat fluxes are added to receive the total heat flux.  
 
When calculating the radiant heat flux to the seats from the upper gas layer the following 
assumptions were made: 

- All surfaces are grey, i.e. the emissivity – ε – is set to 0.9. 

- The upper gas layer is gray and non-reflective, i.e. the emissivity of the upper gas layer – 
εg – is set to 0.19. 

- The lower layer is transparent to thermal radiation. 

- The ceiling and upper parts of the walls (above interface) are at the same temperature as 
the gas temperature. 

- The radiation loss out doors and windows are ignored. 
The following equation was used when calculating the radiant heat flux from the upper gas layer 
to the seats: 
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Where: 
F  is the view factor from interface plane to floor 
γ  is the ratio of the area of floor and the area of ceiling and upper walls 

wT  is the surface temperature of ceiling and upper walls [K] 

gT  is the temperature of upper gas layer [K] 
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When calculating the view factor from interface plane to floor the same expression as in the case 
of the first bus seat ignited by the flames from the wheelhouse was used. 
 
We are facing a pre-flashover situation, thus we will use the correlation of McCaffrey, Quintiere 

and Harkleroad (MQH) in order to calculate the upper gas layer temperature, gT  . 

The correlation assumes a two zone approximation (a hot zone with an upper, hot gas layer and 
fire plume and a cool zone with a lower, cool gas layer) and that the zones are uniform.  
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Where: 

aT  is the ambient temperature [K] 

Q&  is the heat release rate of the fire [kW] 

0A  is the opening area [m²] 

0H  is the opening height [m] 

kh  is the effective heat transfer coefficient [kW/m·K] 

TA  is the total area of the compartment enclosing surfaces [m²] 

 
The effective heat transfer coefficient was calculated using the following two expressions: 
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Where: 
k  is the thermal conductivity of compartment surface material [kW/m·K], which is set to 0.045 
kW/m·K (mild steel)  
δ  is the thickness of compartment walls and ceiling [m], which is assumed to be 0.005 m 
ρ  is the density of the compartment surface material [kg/m³], which is set to 7850 kg/m³ (mild 

steel) 
c  is the specific heat of the compartment surface material [kJ/kg·K], which is set to 0.460 
kJ/kg·K (mild steel) 

pt  is the thermal penetration time [s] 

 
The thermal penetration time is calculated using the following expression: 
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Using the values listed above the thermal penetration time is calculated to be < 1 s. 
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As stated before the surface temperature of ceiling and upper walls - wT  - was assumed to be 

equal to the gas temperature, gT . 

 
Assuming a two layer ventilation flow and mass conservation, the position of the interface layer 
was calculated using the following expression: 
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Where: 

dC  is the ventilation flow coefficient, which is set to 0.68 

NX  is the neutral plane height [m] 

 
Using the plume equation of Zukoski: 
 

3/53/10762.0 zQm p ⋅⋅= &&    [kg/s] 

 
Where: 
z  is the interface height [m] 
 
And assuming that the interface height is equal to the neutral plane height leaves us with the 
following expression: 
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When calculating the incident radiant heat flux to the seats from the flames it is assumed that the 
boundaries of the flames of a row of seats on fire have the shape of a rectangle. 
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Where: 

widthA  is the area of the flame along the full width of the seat row [m²] 

depthA  is the area of the flame along the side of the seat row [m²] 

τ is the atmospheric transmissivity, assumed to be 1 
 
When calculating the flame height the Heskestad correlation was used (i.e. the same correlation 
used when calculating the flame height of the fire in a tyre).  
 
Using a spreadsheet when calculating the incident heat flux from the upper gas layer and the 
flames and assuming a distance of 0.2 m between each row of bus seats, a depth of 0.4 m for 
each row, an effective width of 2 m and that both doors are open – as egress has taken place – 
with a height of 2 m and a width of 1 m, the following matrix displays the ignition times of the 
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various rows of bus seats (the rows are numbered starting with the row in the far back and the 
first row to be ignited is row number six):  
 
Table 1. The ignition times of the various rows of bus seats. 
Row # Ignition time 

(s) 
1 362 
2 311 
3 253 
4 185 
5 100 
6 0 
7 100 
8 185 
9 253 
10 311 
11 362 
12 409 
13 452 
 
Resulting in the following heat release rate curve for the passenger compartment: 
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Figure 23. The heat release rate of the passenger compartment. 
 
The heat release rate of the passenger compartment is investigated further to see whether it is 
ventilation controlled or fuel controlled. The following expression – which is applicable to a steel 
body - is used [14]: 
 

00max 150067.1 hAQ ⋅⋅⋅=&    [kW] 

 
Where: 

0A is the area of the opening [m2] 

0h is the height of the opening [m] 
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Assuming that both doors are open – as egress has taken place – with a height of 2 m and a 
width of 1 m, the maximum heat release rate for a fuel controlled fire is calculated to: ~14.2 MW. 
Thus the conclusion is that the fire in the passenger compartment is fuel controlled and the heat 
release rate curve in Figure 23 is valid. 
  
The fire in the front tyres: 
It is assumed that the front tyres will ignite at the time of flashover in the passenger 
compartment, as flames will most likely burst out of the bus windows and rapidly increase the 
flame radiation to the front tyres. 
 
Adding all individual heat release rate curves, the following total heat release rate curve of the bus 
is received: 
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Figure 24. The total heat release rate of the bus.
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6. Analysis and discussion     

 
Future work should deal with developing the other suggested design fire scenarios in this report, 
this would serve as a powerful tool during the design process when working on an underground 
mine. 
When details regarding the ventilation system in the Malmberget mine will be described, 
additional design fire scenarios should be worked on with respect to the Malmberget mine and 
possibly verifying the ventilation strategy with respect to smoke spread to adjacent 
compartments. 
With respect to the three scenarios described in the report involving vehicles, design fire curves 
with physical basis should be designed in future work. Summing up the individual components 
HRR curves based upon when ignition will occur. 
 
In Figure 25 below all the five selected design fire curves are included. When studying the five 
curves one can see that the fire in the loader and the fire in the bus have much higher peak values 
than the other three design fires. In the case of the bus fire it is the rapid fire growth involving 
the bus seats that can be related to the high peak value. In the case of the loader fire it is the fire 
involving several tyres at the same tie that can be related to the high peak value. A difference 
between the bus fire and the fire in the loader is the occurrence of the peak value, in the case of 
the bus fire it occurs early in the fire (after approximately 10 minutes) and in the case of the fire 
in the loader it occurs much later in the fire (after approximately 2 hours). This can be related to 
the flashy nature of the bus seat fire as opposed to the much slower fire in a tyre.   
The limited fire growth and low peak value of the pool fire in the main ramp can be explained by 
the relatively small leakage area, a larger leakage area would have led to a higher peak value. But 
on the other hand the pool fire lasted for a long time period, ~20 hours. 
Regarding the fire in the loader where the drift is equipped with an automatic sprinkler system, 
the relatively rapid activation of the sprinkler system and the slow fire growth can be related to 
the relatively low heat release rates. The relatively early onset of the decay phase can be related to 
the influence of the sprinkler system. 
The low heat release rate values of the cable fire can be related to the limited amount of 
combustibles involved. 
 
The uncertainties of the involved pool fires are mainly the size of the leakage area and the 
influence of the ground composition (in the cases of the vehicle fires), i.e. some of the liquid will 
drain and will not participate in the pool fire.  
In the case of the loader fire in a drift equipped with a sprinkler system, the major uncertainty is 
the fact that the combustible materials involved in the fire is not directly exposed to the spray of 
the sprinkler system, thus there are some uncertainties whether the actual heat release rate of the 
fire will be higher than the one found in Figure 25.  
Regarding the cable fire, the major uncertainties are the actual composition of the mixture of 
cables and ventilation velocity o the site during the fire. These two parameters will influence the 
appearance of the heat release rate curve.   
The major uncertainty of the bus fire is the spread of the fire from the tyre through the wheel 
house and into the passenger compartment.  
 
The five presented design fire curves should be included in a continued study where for example 
the smoke spread is calculated and simulated using fire modelling software, and presenting the 
effects on the surroundings caused by the selected design fires. 
When working on the five design fire curves, the ventilation velocity in all the selected cases 
should be measured and included in the continued analysis.  
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7. Conclusions      

 
The five selected and presented design fire curves:  

- Pool fire in the main ramp (involving a diesel tank). 
- Vehicle fire (heavy vehicle) in a parking drift which is protected by a sprinkler system. 

- Vehicle fire (loader/drilling rig) in the production area. 

- Cable fire at the visitor museum, with no automatic fire alarm at the site of the fire. 
- Vehicle fire (bus) at the visitor museum, with no automatic fire alarm at the site of the 

fire. 
The selected design fire scenarios were picked out as they represented different aspects of: 

- Ventilation, i.e. newer ventilation system with the possibility of oversteering or the older 
ventilation system. 

- Active fire protection, i.e. the presence of a sprinkler system, fire alarm etc or not. 

- Sensitive surroundings, i.e. the presence of a large number of people in the area or not, 
the large impact on the business continuity or not. 

and/or showed the largest number of negatively influencing factors, i.e. a large maximum HRR, a 
large number of people in the area, a rapid growth of HRR, a high fuel load, an extensive smoke 
spread, an extensive smoke production and a fast and extensive fire spread. 
 
When developing the design fire curves a summation method presented by Ingason [16] was used 
in the cases where the fire spread from the initial fire object to adjacent objects, in order to sum 
up the total heat release rate of the overall object. The spread of the fire was calculated using only 
the radiative heat flux from the fire, except in the case of the bus fire where also the convective 
heat flux was accounted for due to the smaller enclosure. When calculating the external radiative 
heat flux an approximate algorithm was used. A critical heat flux was used as ignition criterion.  
The approximate algorithm for the radiative heat flux showed rapidly increasing values and there 
may be some uncertainties regarding the output of this algorithm. One way of reducing this 
uncertainty would be to use a more analytical expression where for example a more exact view 
factor is calculated.  
Also the use of a critical heat flux as ignition criterion may be unsuitable for cases where adjacent 
objects are slowly heated up and heat accumulated with time. In these cases a critical temperature 
might be more appropriate as ignition criterion. 
 
There are also some uncertainties regarding some of the specific design fire curves. The 
uncertainties of the involved pool fires are mainly the size of the leakage area and the influence of 
the ground composition, i.e. some of the liquid will drain and will not participate in the pool fire. 
One may reduce these uncertainties by for example examining the heat release rate curves for 
different leakage areas in connection with the probability for various leakage areas. Also the 
amount of liquid drained could be estimated using an appropriate simulation model. 
The major uncertainty of the loader fire in a drift equipped with a sprinkler system is the fact that 
the combustible materials involved in the fire is not directly exposed to the spray of the sprinkler 
system. One approach to reduce this uncertainty could be to use somewhat higher peak value and 
slower fire decay when designing the heat release rate curve. 
With respect to the cable fire, the major uncertainties are the actual composition of the mixture 
of cables and ventilation velocity o the site during the fire. One may reduce these uncertainties by 
for example examining the heat release rate curves for different compositions and ventilation 
velocities in connection with the probability for each composition and velocity.  
The major uncertainty of the bus fire is the spread of the fire from the tyre through the wheel 
house and into the passenger compartment. A possibility of reducing this uncertainty could be to 
perform case studies of actual bus fires and to study more in detail the composition of materials 
in this specific part of a bus. 
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With respect to future work the main effort should be aimed at developing the other suggested 
design fire scenarios in this report, this would serve as a powerful tool during the design process 
when working on an underground mine. 
With respect to the three scenarios described in the report involving vehicles, design fire curves 
with physical basis should be designed in future work. Summing up the individual components 
HRR curves based upon when ignition will occur. 
The five presented design fire curves should be included in a continued study where for example 
the smoke spread is calculated and simulated using fire modelling software, and presenting the 
effects on the surroundings that the selected design fires will have. 
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Appendix 1.  
 
The influencing factors on the possible design fire scenarios for a warehouse: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount 
of people 

Extensive 
smoke 
spread 

Rack storage 
fire in 
warehouse 

X  X X    

Pool fire in 
warehouse 

X X  X   

 
The influencing factors on the possible design fire scenarios for a workshop: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Pool fire in 
workshop 

X  X  X   

Vehicle fire 
in 
workshop 

X  X X   

Fire in tyres 
in 
workshop 

X   X   

 
The influencing factors on the possible design fire scenarios for the visitor mine: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount 
of people 

Extensive 
smoke 
spread 

Fire in projector 
or other electronic 
device in the 
multimedia 
section in the 
visitor mine 

    X  

Cable fire in the 
visitor mine 

    X  

Kitchen fire in the 
visitor mine 

    X  

 
The influencing factors on the possible design fire scenarios for a cable shaft or vault: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Cable fire in 
a cable shaft 
or vault 
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The influencing factors on the possible design fire scenarios for the canteen: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Kitchen fire 
in the 
canteen 

    X  

Fire in 
garbage in 
the canteen 

    X  

Cable fire in 
the canteen 

    X  

 
The influencing factors on the possible design fire scenarios for the main ramp: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Vehicle fire 
in the main 
ramp 

X    X X X 

Cable fire in 
the main 
ramp 

    X X 

Pool fire in 
the main 
ramp 

X X  X X X 

 
The influencing factors on the possible design fire scenarios for a pumping station: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Pool fire at 
a pumping 
station 

X  X  X   

Cable fire at 
a pumping 
station 

      

 
The influencing factors on the possible design fire scenarios for a crusher level: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Spray fire at 
the crusher 
level 

 X  X   

Vehicle fire 
at the 
crusher level 

X   X   

Cable fire at 
the crusher 
level 
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The influencing factors on the possible design fire scenarios for a tank station: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Pool fire at 
a tank 
station 

X  X X X  X 

Vehicle fire 
at a tank 
station 

X   X  X 

 
The influencing factors on the possible design fire scenarios for a draw point: 
Scenario Large 

maximum 
HRR 

Rapid 
growth of 
HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Cable fire 
at a draw 
point 

     X 

Spray fire at 
a draw 
point 

 X  X  X 

 
The influencing factors on the possible design fire scenarios for the media drift: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Pool fire at 
the media 
drift 

X  X  X X X 

Vehicle fire 
at the media 
drift 

X   X X X 

 
The influencing factors on the possible design fire scenarios for a distribution level: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount 
of people 

Extensive 
smoke 
spread 

Pool fire at the 
distribution 
level 

X  X  X  X 

Vehicle fire at 
the distribution 
level 

X   X  X 

Fire in 
conveyor belt 
at the 
distribution 
level 

   X  X 

 
The influencing factors on the possible design fire scenarios for a shaft hoisting level: 
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Scenario Large 
maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Pool fire in a 
shaft 
hoisting 
level 

X  X  X  X 

 
The influencing factors on the possible design fire scenarios for a production area: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount 
of people 

Extensive 
smoke 
spread 

Vehicle fire in 
the 
production 
area 

X   X X  X 

Pool fire in 
the 
production 
area 

X X  X  X 

 
The influencing factors on the possible design fire scenarios for a parking drift: 
Scenario Large 

maximum 
HRR 

Rapid 
growth 
of HRR 

High 
fuel 
load 

Extensive 
smoke 
production 

Large 
amount of 
people 

Extensive 
smoke 
spread 

Vehicle fire 
in a parking 
drift 

X   X X X X 
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Appendix 2. 
 
Possible fire scenarios and their effects on the surroundings. 
Scenario Ventilation Active fire 

protection 
Consequences Recommendation 

Rack storage fire 
in warehouse 

Oversteering 
possible at level 
1045 due to 
newer 
ventilation 
system. Older 
ventilation 
system at level 
775 and 
upwards. 

Fire barriers 
towards the 
main ramp. 

Extensive 
damages to 
property and 
goods. Limited 
to the specific 
compartment. 
Medium risk. 

 

Vehicle fire in 
workshop 

Oversteering 
possible at level 
1045. Older 
ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

Fire barriers 
towards the 
main ramp. 
Larger 
workshops 
protected by 
automatic 
sprinkler system. 

Damages to 
property and 
goods. Limited 
to the specific 
compartment. 
Medium risk. 

 

Cable fire in a 
cable shaft or 
vault 

Oversteering 
possible at level 
1045. Newer 
ventilation 
system. 

Cable vault 
enclosed by fire 
barriers. 
Parts of cable 
shafts are 
enclosed by fire 
barriers. 

High risk mainly 
due to large, 
negative impact 
on the business 
continuity.  

 

Vehicle fire in 
the main ramp 

Oversteering 
possible at level 
1045. Older 
ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

No fire barriers 
within the main 
ramp. 

High risk due to 
large number of 
people exposed 
and large 
damages on 
equipment and 
surroundings. 

 

Pool fire in the 
main ramp 

Oversteering 
possible at level 
1045. Older 
ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 

No fire barriers 
within the main 
ramp. 

High risk due to 
large number of 
people exposed 
and large 
damages on 
equipment and 
surroundings. 

Further studies 
recommended. 
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level 775. 
Pool fire at a 
pumping 
station 

Older ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

Pumping station 
enclosed by fire 
barriers. 

High risk mainly 
due to large, 
negative impact 
on the business 
continuity. 

 

Pool fire at a 
tank station 

Older ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

No fire barriers. Large damages 
on equipment 
and 
surroundings. 
Few people 
nearby. Medium 
risk. 

 

Pool fire at the 
media drift 

Newer 
ventilation 
system. 

No fire barriers. Large damages 
on equipment 
and 
surroundings. 
Large number of 
people nearby. 
Large risk. 

 

Vehicle fire at 
the media drift 

Newer 
ventilation 
system. 

No fire barriers. Large damages 
on equipment 
and 
surroundings. 
Large number of 
people nearby. 
Large risk. 

 

Pool fire at the 
distribution 
level 

Newer 
ventilation 
system. 

Fire barriers 
towards the 
main ramp. 

Large damages 
on equipment 
and 
surroundings. 
Few people 
nearby. Medium 
risk. 

 

Pool fire in a 
shaft hoisting 
level 

Older ventilation 
system. 

Fire barriers 
towards the 
main ramp. 

Large damages 
on equipment 
and 
surroundings. 
Few people 
nearby. Medium 
risk. 

 

Vehicle fire in 
the production 
area 

Oversteering 
possible in 
production area. 

No fire barriers. Large damages 
on equipment 
and 
surroundings. 
Few people 
nearby. Medium 
risk. 

Further studies 
recommended. 

Pool fire in the Oversteering No fire barriers. Large damages  
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production 
area 

possible in 
production area. 

on equipment 
and 
surroundings. 
Few people 
nearby. Medium 
risk. 

Vehicle fire in a 
parking drift 

Older ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

No fire barriers. 
Larger parking 
drifts protected 
by automatic 
sprinkler system. 

Large damages 
on equipment 
and 
surroundings. 
Large number of 
people nearby. 
Large risk. 

Further studies 
recommended. 

Vehicle fire 
resulting in a 
pool fire in the 
main ramp 

Older ventilation 
system at level 
775 and 
upwards. Newer 
ventilation 
system below 
level 775. 

No fire barriers. High risk due to 
large number of 
people exposed. 
Large damages 
on equipment 
and 
surroundings. 

 

Pool fire 
spreading to a 
conveyor belt at 
the distribution 
level 

Newer 
ventilation 
system. 

Fire barriers 
towards the 
main ramp. 

Few people 
nearby. High risk 
mainly due to 
large, negative 
impact on the 
business 
continuity. 

 

Vehicle fire on 
the outside of 
the visitor mine 

Older ventilation 
system. 

No fire barriers 
towards the 
main ramp. Fire 
barrier towards 
the visitor mine. 

High risk due to 
large number of 
people exposed 
and large 
damages on 
equipment and 
surroundings. 

Further studies 
recommended. 

Vehicle fire on 
the outside of 
the canteen 

Older ventilation 
system. 

No fire barriers 
towards the 
main ramp. Fire 
barrier towards 
the canteen. 

High risk due to 
large number of 
people exposed 
and large 
damages on 
equipment and 
surroundings. 

 

Cable fire on the 
outside of the 
visitor mine 

Older ventilation 
system. 

No fire barriers 
towards the 
main ramp. Fire 
barrier towards 
the visitor mine. 

High risk mainly 
due to large 
number of 
people exposed. 
Minor damages 
on equipment 
and 
surroundings. 

Further studies 
recommended. 

Cable fire on the 
outside of the 

Older ventilation 
system. 

No fire barriers 
towards the 

High risk mainly 
due to large 
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canteen main ramp. Fire 
barrier towards 
the canteen. 

number of 
people exposed. 
Minor damages 
on equipment 
and 
surroundings. 

Vehicle fire at 
the track level 

Oversteering 
possible at the 
track level. 
Newer 
ventilation 
system. 

Fire barriers 
towards the 
main ramp. 

High risk due to 
large, negative 
impact on the 
business 
continuity. Few 
people nearby. 
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Appendix 3. 
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Appendix 4. 
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Appendix 5. 
 

 
 
 


