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PRELIMINARY REMARK 

The German Fire Protection Association (GFPA) Department 4 "Engineering Methods of Fire 

Protection" (also known as performance-based design or fire safety engineering) has set itself 

the goal of accompanying the development of engineering methods of fire protection, preparing 

them accordingly and making them available to practice in the form of a guideline, which is 

now available in its 4th edition. 

Fire protection as an engineering discipline is comparatively young. Established disciplines in 

civil engineering, such as steel construction or solid construction, are based on decades or 

even centuries-old knowledge. The fundamentals have been known for a long time, the models 

and verification methods are often highly developed and have been standardised for many 

years. The engineering procedures and models of fire protection are still at an early stage of 

development. The scientific foundations of fire protection were mainly konset in the 1960s, 

1970s and 1980s. In the field of structural fire protection, standardization began with the first 

generation of Eurocodes at the beginning of the millennium and is only now beginning to be 

applied to engineering methods for fire and smoke propagation and evacuation analysis. The 

guide has a pre-normative character right from the start. It is neither a textbook of engineering 

methods nor does it contain in large parts specific regulations as one would expect from a 

standard. The prenormative character is expressed in an explanatory presentation of 

procedures and calculation methods, background information and application examples. The 

extent of this varies in the individual chapters. In areas for which no German or European 

standards exist to date, such as in the field of pedestrian flow analysis, specific regulations and 

verification equations are increasingly included, whereby in areas that are already regulated 

by standards, such as fire protection verification of the Eurocodes, background information and 

application examples are provided. A focus of the 4th edition of the guideline "Fire Protection 

Engineering" is therefore, in addition to the description and evaluation of newly developed 

approaches and procedures of engineering methods, in particular the standardization and 

improvement of the quality of proof through appropriate validation and documentation. 

The 1st edition of the guideline was published as Technical Report TR 04-01 by the GFPA in 

May 2006. This was the first time that the basic principles, boundary conditions and application 

aids of and for engineering processes in fire protection were compiled for Germany. The 

guideline has subsequently proved to be very useful in the preparation of fire protection reports 

for unique and complex buildings using engineering methods and was further updated in 

accordance with the state-of-the-art and published in 2009 in a 2nd edition and in 2013 in a 3rd 

edition. In 2015, an English version was published for the first time. 

The basic concept of the guideline has consisted since the 1st edition and remains practically 

unchanged in the current 4th edition. The basic idea is that the structure corresponds to the 

real course of a project processing when applying engineering procedures of fire protection. 

The 10 chapters of the guidelines were prepared by 6 working teams (WT) in vfdb Department 

4 and discussed and decided upon in the permanent working group (WG) (see Table 1). 
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Table 1 Tasks of the Department 4 teams 

WT Designation of the working team (leader)     Chapter 

1 Fire safety in buildings (Dr. Klinzmann)     1 – 3, 10 

2 Fire simulation models (Dr. Riese)      5 

3 Fire scenarios and design fires (Dr. Wiese)     4 

4 Technical plant fire protection and averting fire protection (Rusch)  7 

5 Life safety and escape routes (Dr. Schneider)    8 + 9 

6 Structural fire protection (Prof. Zehfuß)     6 
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A complete list of the members of the Department and external experts who, in various 

functions, have contributed to the preparation of the individual chapters and to the consultation 

of the overall work, as well as more detailed information on the organisation of work and the 

responsibilities for the individual subject areas, can be found on the GFPA homepage at 

http://www.vfdb.de/themen/referate/referat-4  

or on the homepage of the Institute for Building Materials, Concrete Construction and Fire 

Safety (iBMB) of the TU Braunschweig at 

https://www.tu-braunschweig.de/ibmb 

The final editorial work on the guideline for the 4th edition was carried out by iBMB staff 

according to the specifications of an editorial team consisting of the leaders of the working 

teams. The final version was approved for publication on the internet by the Technical-

Scientific Advisory Board and the Executive Committee of the GFPA at their meetings on 

February 12, 2020. 

We would like to take this opportunity to thank all the members of the Department, but above 

all the leaders of the working teams, for their great commitment. I would also like to thank the 

experts of engineering methods, who supplemented the internal considerations of the 

Department with comments, corrections and suggestions for improvement. 

In view of the extremely complex subject matter and the ongoing international discussion and 

development on some issues, this 4th edition of the guideline will also require further adaptation 

to newer knowledge and experience gained from its application to date. In the meantime, all 

users of the guideline are invited to send their comments on the applicability of the guideline 

to practical problems, errors discovered and open questions to the address given below. 

Brunswick, August 2022 

Prof. Dr.-Ing. Jochen Zehfuß 

 

Chairman of the GFPA Department 4 

and editor of the guideline 

 

 

Address for comments and suggestions: 
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1 CONCEPT AND APPLICATION OF THE GUIDELINE 

1.1 Concept and structure 

For the application of fire safety engineering methods within the framework of the preparation 

or review of a fire safety concept, this guideline provides assistance for the selection of suitable 

methods and input data to developed and verified appropriate fire protection solutions. The 

guideline outlines compactly the suitably validated engineering methods for the fire safety 

engineering according to the state-of-the-art and provides the required information, data and 

evaluation criteria. 

In accordance with the various tasks, the guideline is intended on the one hand to enable a 

fire protection engineer as a specialist planner to design a building of a special type and use 

in a risk-adjusted and economical manner. On the other hand, it is supposed to help the 

approving authority, the approving fire safety engineer or the fire brigade to validate the layout 

with the least possible effort or, in the case of deviations from building regulations, to define 

fire protection requirements for the construction and use of the building in such a way that the 

protection objectives of fire safety under building regulations are achieved. 

Figure 1.1 gives an overview of the field of application of fire safety engineering methods within 

the scope of the fire safety design of buildings (right part of the figure) compared to the 

traditional design (i.e. prescripte approach) by compliance with material building regulations 

(left part of the figure). For the work stage listed in chronological order on the right-hand side 

of Figure 1.1, the respective chapters of the guideline contain the necessary information on 

verification methods and input data. 

1.2 Basic procedure for use 

The guideline is intended in particular for application to buildings of a special type or use 

(special buildings), where, due to the building concept or for operational reasons, the 

recognised solutions arising from the building regulations are not to be pursued, but where at 

least the same safety level of the recognised solutions is to be demonstrated by other means 

using fire safety engineering methods. The implementation of a specific project is done in 

several work stages: 

 preparation of a qualitative analysis, 

 preparation of a quantitative analysis, 

 comparison of the results with the requirements, 

 presentation and interpretation of the results. 

In accordance with the legal requirements of the regional building regulations or the model 

building regulations, the results determined using fire safety engineering methods to ensure 

that persons can escape and be rescued from a building. In certain instances, however, they 

can also provide important information on protection of environment, buildings and other 

property. 
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Figure 1.1 Field of application for fire safety engineering methods (right part of figure) 

compared to the prescriptive approach (left part of figure) in fire safety design 

In this guideline, the user can find references and examples for the correct selection of design 

methods and input data and the interpretation of calculation results. It is assumed, however, 

that the user has basic knowledge of the fundamentals of fire safety as well as relevant 

experience in the application of fire safety engineering methods. 

1.3 Qualitative analysis 

Due to different types of buildings, their use and the uncertain behavior of people, various 

scenarios can occur. Since it is not possible to make specifications for the required design 

situation that apply to all buildings, representative fire scenarios must be identified in the first 

step. This is done by means of a qualitative analysis in which the building owner, planner, fire 

protection engineer, approving authority or test engineer and fire brigade agree on general 

and, if necessary, specific protection objectives (e.g., special requirements for the evacuation 

of the building) and develop fundamental solution options. 

In this regard, the technical fire protection constraints of the building and its use should be 

taken into account and documented in the required level of detail as important input parameters 

for the subsequent quantitative analysis. These include in particular: 

 building concept (building construction and materials, subdivision into fire 

compartments, layout and separation of escape routes), 

 Use of building or compartment (fire loads, users, intended uses and variants), 
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 infrastructure (plant-related fire protection measures, precautions for fire 

protection), 

 fire scenarios (possible fire locations and ways of fire spread, other boundary 

conditions of the fire scenario). 

Furthermore, it must be checked whether the building is subject to any risks and associated 

protection objectives that go beyond the requirements of the building regulations. For instance, 

measures to limit an interruption of operations can be agreed between the builder/operator and 

the insurance company. More detailed information on this can be found in Chapter 3. 

1.4 Quantitative analysis 

The protection objectives and selected fire scenarios defined in the qualitative analysis, 

together with the determined fire protection boundary conditions, now form the basis for 

quantitative investigations of various sub-problems using fire safety engineering methods. The 

guideline provides a foundation for the following frequently asked questions: 

 Fire scenarios and design fires (Chapter 4), 

 Models for fire simulation (Chapter 5), 

 Fire protection-related verifications of structural elements and supporting 

structures (Chapter 6), 

 Plant engineering and averting fire protection (Chapter 7), 

 Life safety in escape routes (Chapter 8), 

 Passenger flow analysis with mathematical verification procedures (Chapter 9),  

 Risk methods and safety concept (Chapter 10). 

The calculation methods range from simple basic or approximate equations (e.g., plume 

formulas for locally limited fires or hydraulic approaches to determine the required evacuation 

time) to complex simulation models (e.g., CFD models for calculating the smoke propagation 

in buildings or individual models for evacuation simulation). The choice of the appropriate 

method depends on the required statements and the required level of accuracy. The 

calculation methods available according to the state-of-the-art are explained for each individual 

question, preferred areas of application are shown and information on validation, e.g., through 

relevant fire tests within certain application limits, are provided. The calculation results 

essential for the user, their vagueness and existing cope for interpretation are explained.  

In Annex 2 of the guideline, an example of a building is examined step by step according to 

the recommended procedure. Various verification methods are compared and differences in 

the results, which can also occur in other applications, are pointed out and interpreted. 

Many parameters are to be investigated time-dependently, i.e., the calculation results for one 

issue serve as initial variables for an issue that occurs later in the course of the fire (or in the 

processing). Thereby, mutual dependencies of the physical input and output variables must 

also be considered in order to ensure a consistent overall evaluation. 

The responsibility for selecting an appropriate calculation method and the suitable input data 

lies with the fire protection engineer. If only incomplete input variables or insufficiently verified 

verification procedures are available for a specific problem, the fire protection engineer has to 
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either make conservative assumptions on the safe side or take the existing uncertainties into 

account by means of parameter variations. If in doubt, validation via a real or model experiment 

may be necessary. 

1.5 Check of compliance with relevant requirements 

The results of the quantitative analyses (Chapters 5 to 9) for the relevant fire scenarios - 

(Chapter 4) are to be compared with the fire safety objectives essential for the object and the 

associated performance criteria (Chapter 3). The defined performance criteria should be 

adhered to for a risk-appropriate technical fire safety design of the building. If this cannot be 

achieved in certain cases, either the structural or fire protection boundary conditions can be 

changed or additional compensatory measures can be provided. In this case, the affected 

validation stages should be repeated. 

To begin with, the fire development and its effects have to be investigated (Chapter 5). As a 

rule, two cases are to be considered: 

 Fire development and fire effects in area of the fire itself as a basis for the 

thermal load of structural components and the smoke propagation in the room, 

 Fire spread beyond the area of the fire as a basis for the thermal load of 

structural components as well as for the propagation and extraction of smoke into 

neighbouring areas. 

The following parameters play a role, when simulating a fire with a fire model: heat release, 

thermal radiation, heat transport (convective and conductive), fire propagation, mass loss, 

ventilation, smoke yield and combustion products (Chapter 4). The parameters can be 

influenced by the technical and defensive fire protection measures (Chapter 7). Taking these 

physical quantities into account, the limit conditions assigned to the individual protection 

objectives can be analyzed. These include, on the one hand, limit states of the load-bearing 

capacity of structural components and supporting structures in case of fire (Chapter 6) and 

limit states of life safety (Chapter 8) and safe evacuation on the other hand (Chapter 9). 

The guideline will be used primarily for buildings of a special or complex type or use, where 

the material requirements of the building regulations, which are geared towards "standard 

buildings", cannot be fulfilled. In addition, the methods are used to define compensatory 

measures in situations where certain requirements of the codes cannot be fulfilled directly to 

guarantee the require safety level. This applies to the compensation of deviations in 

 structural partitions, 

 load-bearing components, 

 escape route lengths and widths, 

 distance requirements. 
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1.6 Presentation and interpretation of the results 

The presentation of the results should list all assumptions and constraints for better 

understanding by third parties. In the presentation, the following information in particular is 

required: 

 Goal of the examinations, 

 Representation of the building, 

 Participants in the development of the qualitative analysis, 

 Results of the qualitative analysis, including the protection objectives, 

 Performance of the computational investigations with indication of the 

assumptions used, the validated models or calculation methods used and the 

associated application limits, 

 Comparison of the calculated analysis with the required safety objectives, 

 Recommendations for structural fire protection measures, 

 Recommendations for technical fire protection measures, 

 Recommendations for the organisational fire protection measures during 

operation of the building, e.g., requirements, operating instructions, management. 

When interpreting the results, their uncertainties and ranges should also be taken into account. 

It should be explained how the influence of uncertain input variables and calculation models 

and assumptions has been examined and taken into consideration with help of parameter 

variations or conservative assumptions on the safe side. 
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2 BUILDING INFORMATION 

2.1 General information 

Before a fire protection assessment can be carried out for a building in accordance with this 

guideline, the information and input data required for the safety engineering approaches should 

be compiled. This relates in particular to: 

 the building structure, 

 the building content and use, 

 the fire protection infrastructure, 

 the environmental influences, 

 the occupants. 

The information consists partly of specific details about the building, such as dimensions, 

adjacent development and type of use, or of specifications / ideas of the planners, which are 

recorded in the context of the qualitative analysis, such as subdivision of the building into 

sections, ventilation, smoke and heat extraction or type of materials used. 

2.2 Building structure 

The structure of the building should be recognisable from the drawings and other documents 

of the designer. The following information should be contained, determined or specified: 

 exterior dimensions of the building, height and number of floors, 

 location of the load-bearing parts of the structure (beams, columns, walls) and 

required fire resistance, 

 subdivision of the building into sections with the required information on the 

quality of the fire resistance of the walls, ceilings, doors, roofs, and enclosures 

within them, 

 access to the building from the outside and escape routes (necessary stairwells 

and corridors) inside the building to safe areas (escape route lengths), 

 arrangement of stairwells, sluices (vestibules), design of the construction and 

connection to the use in the individual levels of the building, 

 separation of the corridors from the compartments and stairwells, design of the 

structure, division of the corridors into sections by automatically closing smoke 

stop doors or gates (limiting the propagation of smoke), 

 arrangement and structural design of vertical and horizontal installation and 

ventilation shafts in the building, including the shut-off devices in the junctions, as 

well as information on the installation of technical building facilities and the 

required bulkheading in partition walls and ceilings, 

 recording of fire brigade elevators, anterooms and their connections, 

 recording the structural design of lowered ceilings and double floors, their 

separation from neighbouring sections and their subdivision, 
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 design of the facades and materials used as well as the positioning of windows, 

doors and gates, 

 thermal properties (density, heat conduction and thermal capacity) of the building 

materials used and their building material classification. 

2.3 Building content and use 

The recording of the building contents and its type of use is one of the basis for the evaluation 

of a building, since the use-related fire hazards and the existing fire load influences both the 

duration and the intensity of a fire in a compartment. Quantitative data from the combustible 

materials are necessary to be able to calculate the fire effects in the fire compartment and, if 

necessary, the fire spread beyond the fire compartment. In addition to the ventilation 

conditions, the type and distribution of the fire load is decisive for the intensity of a fire and the 

fire load of the construction as well as for the quantity and composition of the smoke gases 

emitted. These can spread throughout the building and affect people during escape and rescue 

while making it more difficult for the fire brigade to fight and control the fire. In addition, 

corrosive smoke gases can cause considerable material damage to sensitive equipment. 

Within the framework of the international working group CIB W 14, surveys were conducted 

on the average fire load densities in buildings with different uses (see Appendix to Chapter 4, 

Table A 4.1). These fire load densities are given in MJ/m2. Among other relevant values, they 

serve as a basis for determining a design fire according to Chapter 4. 

In special occupancy buildings, the fire load density can deviate considerably from the 

statistically determined values. In these cases, an individual survey is necessary, which is 

carried out directly on site for an existing building and corresponding use. Representative fire 

loads from buildings and compartments with comparable use can be used for new buildings, 

which are only in the planning stage. Due to the wide scatter of fire loads, several buildings 

should be included in the investigations. 

2.4 Fire safety infrastructure 

The following information is required for the evaluation of the fire protection infrastructure:  

 accessibility of the building with fire brigade equipment, 

 supply of extinguishing water for the building, 

 compartmentation, 

 number and location of risers (dry or wet) inside the building and hydrants outside 

the building, 

 areas with automatic fire detectors that respond to smoke, heat or flames and 

alarm systems that operate acoustically or visually, 

 areas with automatic fire extinguishing systems (water extinguishing systems, 

gas extinguishing systems, etc.) 

 areas with automatic systems for natural smoke extraction (vertical or horizontal) 

or mechanical smoke extraction, 
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 areas with pressure ventilation such as stairwells, airlocks or fire brigade 

elevators. 

2.5 Environmental influences 

The design and dimensioning of natural smoke exhausts can be influenced by surroundings, 

such as wind effects on the building, temperature differences between inside and outside, 

snow loads and air movements in the building. 

Wind creates an overpressure on the side of the building facing the wind. The wind flows 

around the building, creating negative pressure or suction on its sides and on the roof opposite 

the side facing the wind. In the event of fire, smoke vents should only be opened in external 

walls where wind suction (negative pressure) prevails, and air vents in external walls with wind 

pressure. This applies in the same manner to suction openings for mechanical smoke 

extraction. 

If it is important for the fire safety design, the temperature spectrum relevant for the building 

location (summer and winter case) must be considered. The temperatures in the building can 

vary considerably depending on the location, 20 °C is used as a benchmark. In high rooms 

such as atria, larger temperature differences can occur from top to bottom when the sun 

shines. A heated layer of air can form under the roof ceiling, which cannot be penetrated in the 

event of fire by the rising and cooling smoke gases (see "Inversion weather conditions"). This 

should be taken into account when planning the natural smoke extraction and the technical 

building facilities. 

Snow loads and ice can impede the functioning of smoke and heat vents in the roof or cause 

time delays when triggered automatically. The functionality under snow loads is certified for 

classified devices. 

Mechanical ventilation near the ceiling can generate significant air movements, e.g., in large 

exhibition halls. In case of fire, this can influence the rising smoke gases and lead to 

uncontrolled smoke propagation. This can lead to time delays in the triggering of smoke 

detectors. Under such conditions, additional tests should be carried out with the ventilation 

system switched off in order to estimate the effects on the fire development. 

2.6 Occupants  

The public law objectives of fire protection focus on ensuring the escape and rescue of 

persons. For this purpose, information on the expected number of people in the building and 

their expected behaviour is required. The following criteria are of importance: 

 familiarity with the building: People who are in the building on a daily basis and 

who are familiar with the local conditions and safety requirements will choose the 

shortest route to safe areas in the event of danger. On the other hand, people 

who are unfamiliar with the building will generally choose the escape route by 

which they entered the building. 

 awareness: Persons who are permanently working in a building, as well as 

persons who, for instance, serve as contact persons for other people 

(information), generally are more aware of changing situations. 
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 mobility: The walking speed of people escape through doors, corridors and 

staircases can vary greatly between young people and elderly people. For people 

with reduced mobility, such as wheelchair users or people with impaired walking 

ability, additional requirements have to be met when designing escape routes. 

 social affiliation: Persons in groups (family or visitor groups) usually stay together 

and move as a group also to the exit. In a group, a dangerous situation is often 

recognized earlier, but the speed of escape is usually determined by the slowest 

person in the group. 

 responsibility: Persons in a building who have a certain amount of responsibility 

influence the behaviour of others. Indications of dangerous situations shorten the 

time from the fire alarm to the start of the escape movement. 

 activity in the building: The time to start the escape movement is longer for 

persons in resting position (sleeping or resting) than for persons sitting, standing 

or moving. 

 obligation: Persons who have taken on a special task, such as queuing in a 

queue, eating together in a restaurant, will not leave their seat at short notice if 

the warnings about the fire are not clear (alarm system or announcement to 

vacate the building). 

In Chapter 8, the behaviour of occupants is recorded and evaluated in more detail. Models for 

the evacuation of a building are presented in Chapter 9.
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3 FIRE SAFTEY OBJECTIVES, FUNCTIONAL REQUIREMENTS AND PERFORMANCE 

CRITERIA 

3.1 General information 

Fire safety in buildings - in particular buildings of special type or use - results from the 

interaction of preventive structural and technical fire protection measures, organisational fire 

protection measures during operation or use firefighting measures after the occurrence of a 

fire. Any change in the fire risk, e.g., due to very high fire loads and/or ignition hazards or 

oversized fire compartments, should be compensated by fire protection measures that take 

into account the increased hazard in order to achieve adequate fire safety at the previously 

accustomed safety level. Changes with regard to the fire protection measures that have been 

customary up to now, e.g., simplifications in structural fire protection measures or savings in 

the fire brigade's emergency services, will inevitably have an effect on fire safety - but only 

measurable after statistically evaluable periods of time. Fundamentals and methods for a 

comprehensive analysis and evaluation of such changes can be found in [3.9]. On this basis, 

simplified approaches for a risk-oriented specification of the safety requirements for fire 

protection certificates were derived in the concluding Chapter 10 of this guideline. 

The fire safety objectives result on the one hand from public law regulations (such as building 

law or workplace law) and on the other hand from private law regulations and private interests 

of the owners or operators of a building. 

The achievement of protection objectives under building regulations must be verified within the 

framework of fire protection certificates or fire protection concepts as required by the building 

regulations of the federal states or the Model Building Code (MBO) [3.1]. Concrete 

specifications for the content and structure of fire protection concepts can be found, for 

example, in the GFPA guideline 01/01 [3.2]. This also addresses calculation methods of fire 

protection engineering. 

In principle, engineering fire protection certificates should always be prepared and documented 

in connection with a fire protection concept/fire protection certificate (see GFPA guideline 

01/01). 

The performance of the fire protection measures should correspond to the fire hazards and fire 

risks of the buildings including their use and the protection objectives. From the point of view 

of a licensing authority, it is important to know the generally required safety level of fire safety 

and to be able to correctly assess the safety level that exists and is to be licensed in individual 

cases. 

Fire safety design on the basis of fire safety objectives is not limited to the mathematical 

determination of the required fire resistance of the building components, as e.g., in [3.3] for a 

design of industrial buildings, e.g., according to [3.4]. It also concerns the design of smoke 

extraction systems for securing the escape routes or of automatic or semi-stationary fire 

extinguishing systems for enabling effective extinguishing measures in connection with an 

evaluation of the performance of the fire protection measures for the building to be evaluated. 

In this context, calculation methods of fire safety engineering are increasingly applied, for which 

assumptions about the fire occurrence and requirements on the performance of fire protection 
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measures are needed. This allows to justify deviating solutions for individual concrete fire 

protection requirements of the building code or regulation or guideline for special buildings or 

to provide performance-based methods. 

In the following, the question will also be examined to what extent the updating of the technical 

regulations (DIN, EN standards, other design guidelines for fire protection measures) will 

introduce new performance classes for fire protection measures which are no longer easily in 

line with the protection under building regulations. 

The frequently observed tendency to explicitly consider all risk-reducing factors in the fire 

protection concepts can lead to the fact that corresponding assumptions and prerequisites, 

e.g., with regard to the operational use, safety-relevant requirements and conditions, e.g., the 

ordering of in-service inspections, have to be ensured. This restricts the freedom of the building 

owner and the organisational responsibility of the operator of the structural facility increases. 

Therefore, there are limits to the consideration of risk-reducing factors in actual practice. 

3.2 Relationship between fire risks, fire scenarios and safety objectives  

Design fire scenarios are characterized, among other things, by the fact that they do not have 

to cover or include every conceivable or actual fire on the safe side. Instead, they delimit the 

area to be protected from the area of accepted residual risks. In this regard, fire scenarios in 

conjunction with design fires are a commitment to a very specific safety level. Each fire 

scenario describes a situation that is associated with a certain risk. 

The risk can be defined as the product of the probability of occurrence and the extent of 

damage. 

Risk = Probability of occurrence  Extent of damage    (3.1) 

Accordingly, risks can be assigned to any number of finely differentiated risk classes, as is 

shown in Figure 3.1. High and very high risks can thus be justified both by a high probability of 

occurrence and by a large extent of damage. Depending on the risk class, the fire protection 

measures required in individual cases or the associated performance requirements can be 

graded. 
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Figure 3.1 Example for the definition of risk classes (according to DIN EN 18009-1:2016-09) 

The transfer of the general safety philosophy of the regional building regulations to the required 

fire safety in special risk situations of special buildings is complex and often a discretionary 

decision. In principle, it must be proven that the fire risks existing in each individual case are 

covered by the specially chosen and assessed fire protection measures so that the “general 

requirements” of the regional building regulations (LBO) are satisfied in the same manner. This 

is stated, for instance, in § 3 Paragraph 1 MBO [3.1]: 

"Physical structures shall be so arranged, constructed, modified and maintained as not 

to endanger public safety and order, in particular life, health and the natural resources, 

taking into account the basic requirements for construction works set out in Annex I to 

Regulation (EU) No 305/2011. This also applies to the removal of installations and to 

changes in their use".  

In addition, Section 85a (1) and (2) MBO [3.1] stipulates the following: 

("1") The requirements according to § 3 may be concretized by Technical Building 

Regulations. The Technical Building Regulations shall be observed. Deviations from 

the planning, dimensioning and execution regulations contained in the Technical 

Building Regulations may be made if the requirements are met to the same extent by 

another solution and a deviation is not excluded in the Technical Building Regulations; 

§§ 16a para. 2, 17 para. 1 and 67 para. 1 remain unaffected.  

"(2) Concretisations may be made by reference to technical rules and their references 

or by other means, in particular 

1. certain buildings or parts thereof,  

2. the planning, dimensioning and execution of structural facilities and their parts,  

3. the performance of construction products in specific construction works or parts 

thereof [...]. “ 

In practice, this means that an increased fire risk should be compensated by additional or more 

effective fire protection measures. On the other hand, it is generally not possible to require that 
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the fire risk must be reduced below the normally accepted residual risk by a bundle of high-

quality fire protection measures.  

Basically, three classes of events can be distinguished: 

 dangerous fire events which must be covered by regulations (events which have 

to be regulated and to be made safe), 

 dangerous fire events that cannot be directly covered by regulations (events of 

accepted residual risk), 

 Events that are classified as non-hazardous although they have certain hazard 

potentials (uncritical events not worthy of regulation). 

The assignment of events to one of these classes is extremely important for the scope of 

security measures and often leads to controversial discussions in practice. Particularly affected 

are the requirements for buildings regarding 

 Distances from neighbouring borders, 

 Location on the property, 

 Arrangement and type of components and building materials, 

 Fire protection facilities and Fire protection precautions, 

 Firing systems, boiler rooms, elevators, 

 Escape routes: corridors, stairwells, hallways, 

 Permissible number of persons / users, 

 Building services: ventilation, pipework, 

 Operational / organizational fire protection measures. 

With regard to the determination of the relevant fire scenarios, reference is made to Chapter 4 

and Section 7 of DIN 18009-1:2016-09. 

3.3 Safety objectives 

 General safety objectives  

Fire protection does not end in itself, but serves the protection of interests: 

 Life and health of humans and animals 

 Protection of material assets (property protection)  

 Protection of the environment 

 Air (combustion gases) 

 Water (extinguishing water) 

 Soil (extinguishing water) 

 Flora and fauna 

 Avoidance of fire debris, 
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 Possibilities of deployment of fire brigades and safety of emergency services 

There are personnel and technical limits to the safe deployment of fire 

brigades. These limits should be taken into account. Relevant notes are 

contained in [7.16]. 

 Risk Management  

The residual risk remaining when building regulations are complied with is 

usually transferred to the fire insurers within the framework of risk 

management. In principle, it is possible to make one's own financial 

provision.  

The protection of the above-mentioned safety objectives is essentially formulated in public and 

private law regulations. In addition, the operators of structural facilities also have protection 

interests that lie in the business management sphere: 

 Protection of goods and resources, 

 Limitation of operational disruptions (loss of use and delay in delivery means, 

among other things, loss of customers), 

 Avoidance of 

 criminal and civil liability, especially of executives 

 Environmental problems that create a negative public image 

 Problems with re-erection, since in many cases a permit for operating 

facilities must be obtained 

 Optimisation of the costs for insurance coverage through preventive 

measures. 

 Maintenance of creditworthiness and insurability. 

 Safety objectives and their related functional requirements  

Since engineering fire safety certificates have become an integral part of the building permit-

procedure, the concretization of safety objectives in connection with the definition of fire 

scenarios, which are to be used as a basis for the assessment and approval of construction 

projects, has become increasingly important. 

Various aspects such as 

 Fire protection philosophy and fire protection concepts, 

 Protected goods and protection targets, 

 Design fire scenarios and design fires, 

 Dimensioning and design of fire protection measures, and 

 Fire safety level 

to be considered holistically in engineering terms. In detail, this involves a large number of 

individual questions, e.g., the qualitative and quantitative description of fire scenarios in rooms 

with sprinkler system. Approaches for taking into account the interactions between the various 

influencing parameters in a holistic fire protection concept can be found in Chapter 7. 
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Possible fire safety objectives are:  

 Integrity of persons, 

 Prevention of outbreak of fire, 

 Limiting the spread of fire and smoke. 

The fire safety objectives can be fulfilled by satisfying the related functional requirements which 

can include the following:   

 Creation of conditions for a (successful) intervention by the fire brigade, verifiable 

through personnel and technical equipment to ensure an agreed time-period of 

assistance, 

 Load-bearing capacity of the building structure under certain fire exposure over a 

defined period of time, 

 Ensuring the minimum thickness of a low-smoke layer in case of fire over a 

certain period of time. 

The functional requirement describes what is to be (technically) achieved, while the safety 

objectives describe why something has to be achieved. Under fire protection, a distinction is 

usually made between personal protection, neighbourhood protection, environmental 

protection and protection of property. In a first step, the fire safety objectives could be specified 

in more detail in the Table 3.1. Limiting criteria (relative or absolute) indicate the conditions 

under which the functional requirement is considered to be fulfilled. 

Table 3.1 makes it clear that accepted levels of damage are agreed and that zero risk cannot 

be aimed for. 

Table 3.1 Examples for a concretion of safety objectives [3.8] 

Protection of Functional requirement Performance criterion 

People Avoidance of personal injury 
Type and number of accepted 

personal injuries per claim 

Assets Limit fires to maximum areas < 200 m² 

Environment  

Do not allow irreversible 

damage to air, water, soil and 

species (fauna and flora) 

Accepted limits for permissible 

contamination of soil, air and 

water 

 

A next stage of concretion is shown in the Table 3.2 as an example of the safety objectives 

under building law. 

Table 3.2 Examples for the concretion of safety objectives for personal and property 

protection under building law 
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Functional requirement 
Concretion by specifying performance criteria 

to be met 

Limiting the spread of fire and 

smoke 

Ensuring a smoke free layer to enable people 

to escape on their own (depending on the 

building, for instance, at least 10 minutes or 

for the proven period of self-rescue) 

Rescue of people 

Refuge in secured areas until the rescue by 

the fire brigade (depending on the building, 

for instance, at least 30 minutes or for the 

proven period of self-rescue) 

Enabling effective firefighting 

operations inside a building 

Stability of the construction of multi-storey 

buildings (depending on the building, for 

instance, at least 90 minutes or over the 

course of a natural fire), smoke and heat 

extraction over time x with maximum smoke 

layer thickness y 

 

The risk is effectively minimized, e.g., by supporting self-rescue options or firefighting by the 

fire brigade, measures that prevent the occurrence of fires as well as the development and 

spread of fire and smoke are particularly worth considering. These are so-called primary 

measures (to prevent the development of fire) and secondary measures (limiting the spread 

and development of a damaging fire). They take effect prior to the structural measures (tertiary 

measures), which are particularly effective in the full fire phase, when the primary and 

secondary measures have failed or when the fire develops beyond the primary and secondary 

phase. The primary and secondary measures thus essentially reduce the probability of 

dangerous fire events to such an extent that the special risks of the special buildings are 

sufficiently compensated (but not 100% excluded). Secondary measures include, among other 

things, measures that are specifically designed to hinder the spread of smoke and that assign 

the necessary requirements for escape and rescue as well as for effective firefighting to the 

fire stages Table 3.3. 
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Table 3.3 Assignment of the protective effects of fire safety measures to the fire stages (see 

also Figure 3.3) 

Initial fire Growing fire Fully developed 

fire 

Decaying fire 

Operational measures Organisational 

arrangements 

Organization of 

the fire brigade 

 

Combustibility of 

building materials 

Combustibility of 

building materials; 

burning behaviour of 

substances and 

goods 

Fire load density Disposal 

Fire detection and 

alarm system (BMA / 

ELA) 

Fire detection and 

alarm system (BMA / 

ELA) 

  

Escape routes Escape and 

emergency routes 

Shelters  

Fire extinguisher Response time of fire 

fighters, fire 

extinguishing system, 

extinguishing water 

supply 

  

Windows / ventilation / 

mechanical smoke 

extraction 

Smoke extraction 

systems (natural / 

mechanical) 

  

Separation, 

encapsulation of fire 

loads 

Separation, smoke 

zones 

Separation, fire 

compartments 

 

 Stability of individual 

components 

Stability of single 

structures 

Stability of whole 

building construction 

 Reliability of active fire 

protection measures  
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3.4 Further safety objectives 

If, in individual cases, the public-law safety objectives are supplemented by private-law 

objectives, further requirements may be imposed. Typical these could be the self-interests of 

a plant operator, which should in principle coincide with the interests of property insurers, 

because the latter are contractually bound to take over certain selected risks of the operator. 

If private law protection interests determine the measure for the safety assessment, then the 

public law safety philosophy, which primarily aims the protection of persons and common 

goods, can be applied as well. In the case of greater risks (product of the probability of 

occurrence of dangerous fires and the probable maximum damage), this can lead to fire 

protection concepts that reduce the fire risk even further with more reliable or additional 

measures.  

If the size of an expected total loss is the measure for the safety assessment and if this is fully 

independent of the primary and secondary protective measures, mainly measures of damage 

limitation (fire protection partitioning of areas or distance arrangements) are available. The 

corresponding design fire scenarios and/or design fires then refer to the "controlled 

combustion" of an area and to the protection of the neighbourhood and, if necessary, the 

environment. Such scenarios not only form a basis for risk acceptance in insurance-related 

issues, they must also be considered in terms of building regulations, such as when the fire 

safety of buildings is to be guaranteed mainly through technical systems. In the unlikely event 

of a system and concept failure (residual risk), the fire scenario to be expected can usually no 

longer be controlled with the existing firefighting and structural fire protection measures. 

Technical fire protection systems such as smoke extraction systems or sprinkler systems can 

be designed in such a way that they cover both the fire safety objectives under building 

regulations and the protection interests of the operator and/or insurer of a building. In this 

regard, technical rules have been developed which can also be applied to unusual or rare fire 

scenarios. For fire protection systems, which should also satisfy property protection in addition 

to the approvement-relevant safety objectives under building law, the requirements resulting 

from the different safety objectives, special design fire scenarios, performance and acceptance 

criteria must be viewed, agreed and applied holistically.  

While in the private law sector the various protection interests can be covered with various 

concepts, which are agreed between the insurer and the policy holder and which can have 

different weighting in terms of protection and financial precautions, in the public law sector 

there is a binding legal requirement (although not always very clear in detail due to the use of 

vague legal terms) in the building regulations of the federal states. It is supplemented by the 

"generally recognized rules of technology" (GRRT), which were developed with the 

participation of all parties concerned.  

3.5 Fulfilment of functional requirements through compliance with performance 

criteria 

 Definition of fire safety objectives by technical rules 

The legal definition of the safety objectives under building regulations (e.g., in § 14 of the MBO 

[3.1]) is practically carried out by introducing certain technical rules as technical building 

regulations to meet the general requirements according to which buildings must be designed 

in such a way that  
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 preventing the development of fire and limiting the spread of fire and smoke,  

 the rescue of humans and animals in a fire, and  

 effective extinguishing work are possible. 

In the technical building regulations introduced, e.g., in DIN 4102 [3.5] or DIN EN 13501 [3.7], 

requirements are specified for achieving the safety objectives mentioned with regard to 

 Fire behaviour of building materials, 

 Fire resistance of the structural components in terms of integrity and load-bearing 

capacity, expressed in fire resistance classes, 

 Tightness of the closures of openings, and 

 Layout of escape routes. 

With DIN 4102, DIN EN 1363 and MVV TB [3.9] according to § 85a MBO, the public-law 

expectations of fire safety are also defined in so far as the test requirements and test fires 

clearly state the effects and failure criteria. Furthermore, the certification of building materials, 

structural elements and types of construction also ensures compliance with the underlying 

safety concept. Additionally, the fire protection measures required for compliance with the 

safety objectives must meet the requirements of the relevant technical rules and regulations. 

To ensure that the technical rules can serve as components of a legal definition of safety 

objectives of the building regulations they must contain the following elements:  

 Defined actions (defined fire scenarios and design fires: e.g., the fire model of a 

fully-developed fire with an evolvement of room temperature according to the 

standard temperature-time curve of DIN 4102), 

 Defined failure criteria (failure model: e.g., maximum surface temperature or 

deflection speed of structural components), 

 Defined safety concept (e.g., defined exploitation reserves for the "cold" load-

bearing capacity in the form of permissible stresses), and 

 Defined application rules. 

 Requirements in the building regulations 

Often the building regulations do not contain definitions of the safety objectives in the form of 

a description of the fire model (design fire scenario and design fire, failure model, safety 

objectives/ performance requirements) and safety concept (safety coefficient / safety margin), 

but only material requirements for certain protection measures. The fire safety objectives 

behind each of these building regulations and special building codes are often not apparent. 

In any case, in the search for alternative solutions through other measures, there is a large 

margin of discretion when interpreting these regulations. 

With the time data in Figure 3.4, an attempt is made to allocate the chronological sequence of 

the fire to typical fire safety objectives. This is based on the following thought model: If an 

unprotected exposure in a "fire-smoke atmosphere" beyond the tolerable limits beyond the 

duration of the resuscitation limit, the statistical probability of a successful external rescue falls 

below 50 %. The listed times can merely be rough orientation values. Depending on the object, 
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significantly different values could be decisive. Assessment values for the tolerability limits 

under different aspects are given in Chapter 8. They are generally used as a basis for 

assessing the safety of people when using fire simulation models.  

  

 

Figure 3.4 Fire phases with assigned main uses of the escape routes and conditions for the 

usability of the escape routes in case of fire 

 Linking safety objectives, design and performance criteria 

This guideline is intended to offer assistance in the preparation or examination of performance-

oriented fire protection concept and in the selection of the corresponding engineering methods 

and performance criteria. Since the individual safety objectives are not independent of each 

other and the fire protection measures sometimes affect several fire safety objectives, it is not 

easy to identify the relevant verification and performance criteria.  

Using the example of the public-law safety objectives, the  
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Table 3.4 therefore attempts to compile the evidence and the performance criteria to be 

observed in the evidence as clearly as possible in tabular form. This overview aims to make it 

easier to find the relevant verification and performance criteria in the following chapters of the 

guideline. 
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Table 3.4 Relationship between safety objectives, functional requirements, qualitative 

evidence and performance criteria for quantitative evidence 

Safety objective 
Functional requirement and 
qualitative verification 

Performance criteria for quantitative 
verification 

Public safety 
and order 
Protection of life 
and health  
Enabling the 
rescue of 
humans and 
animals 
 

Safe usability of escape routes 
for a defined period of time 
through: 
- Fulfilment of material 

requirements for the escape 
routes and/or 

- Verification of evacuation of 
the building before the 
occurrence of critical 
conditions  
tEvacuation< tavailable 

 see Chapter 9 

- Two independent escape routes 
- Maximum permissible escape 

route length 
- Enclosure components with fire 

resistance 
- Minimum widths of escape routes 

and exits 
- Minimum requirements for building 

materials 
- tEvacuation according to calculation by 
hand or evacuation simulation 
- tavailable as default or after fire 
simulation 
 see Chapter 5 

Safety of persons under the 
influence of 
-  Smoke  
- (respiratory) toxins 
- High temperatures 
Verification by means of  
-  Analytic equations 
- Zone model (smoke,  
- heat)              
- CFD Model (all)  see  

Chapter 5 

 
 
 
 
 
- Height of smoke-free layer or 

optical smoke density or visibility 
- maximum FED value,  
- maximum gas temperature or 

maximum heat radiation 
 Assessment values see Chapter 8 

Stability of the construction and 
integrity of the escape routes for 
the duration of self- and third-
party rescue. Proof by: 
- Fulfilment of material 
requirements for components 
- Verification using simplified or 
general calculation methods 
 see Chapter 6 

 
 
- Tabular data (technical rules e.g., 
DIN 4102-4, Eurocodes or proof of 
usability such as abZ, abP, ETA, 
hEN) 
- e.g., critical steel temperature 
- e.g., load-bearing capacity when 
exposed to fire 
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Table 3.4 continued 

Safety 
objective 

Functional requirement and 
qualitative proof 

Performance criteria for quantitative 
 detection 

Prevent the 
fire from 
starting  

Restriction of combustible 
building materials.  
Verification by: 
-  Proof of usability 

like [abZ, abP] 
- Test 

 
 
 
- Norm specifications 
- Testing and authorisation criteria 
- z. e.g., fire shaft, SBI 

Prevent the 
spread of fire 
and smoke 

Limiting the fire effects to one 
use 
- Fulfilment of material 

requirements for partitioning 
components 

Proof of the effects of fire 
 see Chapter 5 

- Test criteria for integrity or smoke 
denseness 

- Minimum distance to neighbouring 
buildings or 

- Norm requirements for building end 
walls or fire end walls 

- e.g., maximum temperature or heat 
radiation 

 Enable 
effective fire 
fighting 

Stability of the construction 
and integrity of the attack 
routes for the duration of the 
extinguishing work: 
- Fulfilment of material 

requirements for 
components 

- Simplified calculation 
method. 

- General calculation methods 
 see chapter 6 
Provision of areas for the fire 
brigade, 
Proof that the quantity of 
extinguishing water is 
sufficient, 
Verification of firefighting 
equipment 
- Self-help systems 
- Risers 
- Extinguishing systems 
- Early fire detection and 

alarm 
Provision of adequate visibility 
through smoke extraction 
 see Chapter 5 + 10 

 
 
 
 
- Tabular data (technical rules e.g., DIN 

4102-4, Eurocodes or proof of usability 
such as abZ, abP, ETA, hEN) 

- e.g., critical steel temperature 
- e.g., load-bearing capacity under fire 

exposure  
 

- Norm requirements 
 

- Fire water requirement according to 
DVGW W405 
 
 

- e.g., fire extinguisher according to 
ASR 2.2 

- Modified requirements  
 see chapter 7 + 10 
- e.g., minimum smoke extraction 

surfaces 
- Target values for optical density or 

visibility 
 Assessment values see Chapter 8 

Public safety 
and order, 
protection of 
natural 
resources 

Prevention of contamination of 
the environment (air, soil, 
water) by 
- Fulfilment of material 

requirements (e.g., retention 
of extinguishing water) 

- Verification of pollutant 
generation/spread 
 (incident analysis) 

 
 
 
- Fire resistance class of the 

components 
- Maximum storage quantities 
- Permissible contaminant concentration 
 
 Assessment values see Chapter 8 
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In principle, instead of an individual proof, standard requirements for a specific fire protection 

measure according to regional building regulations or special construction can be fulfilled in 

writing prior to construction. This possibility is listed first in the middle column of the   
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Table 3.4. This is followed by simplified and general calculation methods, if available. In the 

right-hand column the performance criteria are listed to be determined in the verifications, 

which are to be compared with the corresponding upper or lower limit values according to legal 

building regulations or recognised calculation approaches. 

3.6 Notes on the safety level for verifications using the guideline 

Fire is an extraordinary situation that occurs with a comparatively low probability within the 

service life of a building. For an extraordinary design situation, lower safety requirements are 

usually placed on the design of measures compared to situations of normal operation. In semi-

probabilistic safety concepts for the design of load-bearing structures (see [3.9]), the partial 

safety factors for actions and building resistances applicable for the service load cases are 

usually reduced to 1.0, so that the relevant influencing variables are always included with their 

characteristic values, i.e., the nominal values according to the respective load or material 

standards. In addition, further reductions with combination coefficients are made when 

combining actions, because the simultaneous occurrence of several independent 

extraordinary actions in addition to the fire is highly unlikely. As a rule, the expected values are 

not used as characteristic values, but rather increased or decreased fractiles to be on the safe 

side. 

In accordance with this safety philosophy, which is valid today for all designs in civil 

engineering, the following concept is pursued within the framework of this guideline: 

 The design fire scenarios and design fires to be specified in Chapter 4 should be 

on the safe side compared to the expected values and should take random 

variations and uncertainties into account appropriately. 

 For this purpose, the fire load and the heat release rate are usually to be 

specified as upper fractiles, taking into account their scattering. Based on DIN EN 

1991-1-2/NA [3.5], this guideline assumes 90 % percentiles (in the international 

references 80 % to 95 % percentiles are given). In addition, uncertainties 

regarding the combustion behavior under the existing boundary conditions (e.g., 

fire load arrangement, ventilation conditions) shall be taken into account by 

parameter variations. 

 When determining the effects of fire according to Chapter 5, it is assumed that 

the fire models described there accurately reflect the physical and 

thermodynamic conditions on average within their application limits; they must be 

validated for the application. 

 The standard fire curve in connection with the fire resistance duration required by 

building regulations can serve as a standard of comparison for the conservative 

approach to the fire exposure to be determined by calculation as a nominal fire 

load for verifying the fire behaviour of building components. It covers the effects 

of different natural fire developments in buildings of normal type or use 

predominantly on the safe side. 

 The verifications of structural elements and supporting structures according to 

Chapter 6 must always be based on the safety concept oriented to the above-

mentioned safety philosophy in accordance with the fire protection parts of the 

Eurocodes and the associated National Annexes. 
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 It is assumed that the models for life safety in escapes routes (Chapter 8) and 

pedestrian dynamics (Chapter 9) on average lead to realistic results in case they 

are applied accurately. Furthermore, it is assumed that design values for the 

corresponding performance criteria (see Table 3.5 and Table 3.6) contain 

sufficient safety margins. 

 Differentiated safety requirements for special fire risks can be justified on a case-

by-case basis using the information and methods in Chapter 10. If necessary, 

Chapter 10 can also be used to provide quantitative verification of the safety level 

achieved for an existing fire protection layout that may not comply with the 

specifications and, if necessary, to correct it by optimised measures. 
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4  FIRE SCENARIOS AND DESIGN FIRES 

4.1 Introduction 

Depending on local and temporal conditions, there exists a wide range of possible fire 

developments in building structures. A variety of fire scenarios are conceivable for a single 

room, functional units or fire compartments. This results from a number of influencing factors 

such as cause of a fire, place of fire origin, special fire hazards and other possible fire-

influencing factors. Therefore, so-called design fire scenarios should be defined for a specific 

building. According to DIN 18009-1 [4.1] design fire scenarios describe all essential 

parameters that can influence the course of the fire and safety-relevant events. 

These include, in particular, the interaction of fire protection measures, the influence of persons 

(e.g. operational arrangements, fire extinguishing by employees) and the effect of technical 

installations. Aspects of the type of use and, if applicable, of external climatic conditions are 

also taken into account [4.1]. 

In order to provide a load-bearing proof, the course of fire should be qualitatively described 

using relevant design fire scenarios, and should be also quantified with the aid of design fires. 

The objective of scenario definition and scenario concretization is to define the "fire load case" 

for the individual case by means of design fire scenarios in such a way that the resulting fire 

courses, which are defined as design fires, are only exceeded with very low probability in an 

actual fire case. 

When assessing the fire effects of design fire scenarios and when using fire simulations, the 

effects of a fire specified in advance as the source term are usually calculated rather than the 

combustion. In the run-up to the fire simulations, the fire scenarios to be investigated should 

be quantified as design fire with regard to heat and smoke release. The design fire thus derived 

then serves as the necessary input for fire simulations. This chapter deals with methods of 

theoretical derivation of design fires which serve in particular to determine the time course of 

the heat release rate (fire course curve). Information on the release of fire effluents, e.g. on 

smoke yields, is given in Chapter 8 of this guide. 

The specifications in this chapter are intended to ensure that the relevant calculation 

assumptions regarding the fire occurrence are determined according to uniform criteria and 

are thus subject to a smaller scatter range. 

The aim of the definition of design fire scenarios and design fires is to enable calculations to 

be made on the safe side. The calculation assumptions should cover all probable fires. The 

"degree of coverage" of all possible fire events depends in particular on the specification of the 

protection objectives. So-called "worst case" cases, on the other hand, whose boundary 

conditions are extremely unlikely, do not usually have to be taken into account (see Chapter 3 

of the guide). The design is usually based on "worst credible" scenarios (in the following, 

decisive scenarios) and assumptions whose boundary conditions can occur with sufficient 

probability even during the entire lifetime of the building. 

Of the multitude of conceivable fire scenarios, only a few should be identified or redesigned in 

order to limit the required computer-aided parameter studies that lead to sufficiently safe fire 

protection reports for the respective fire protection problems (design fire scenarios). Certain 

key events (such as the opening of doors and windows or the start of extinguishing measures) 

can be specified either directly as variables depending on the duration of the fire or indirectly 

in dependence on other (calculated) parameters (such as room temperature) and used as 

boundary and initial conditions. 
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For the various design fire scenarios, quantified fire courses must be defined as design fires. 

For this purpose, the corresponding physical parameters must be quantified. The data material 

in this chapter serves as the basis for the object-specific concretization of the fires to be applied 

by the expert. 

Since these parameters have been implemented differently in the available calculation models, 

the required data in practical use may have to be adapted to the calculation software used 

(see Chapter 5). 

As the fire is always determined by a number of influencing factors, in particular by the 

flammable materials, the type and intensity of ignition, the room configuration and ventilation, 

it is practically impossible to make an "exact" prediction of the fire development. Nevertheless, 

sufficiently qualified fire characteristics can be specified for the assessment of fire safety in 

buildings and for the dimensioning of certain fire protection systems. These characteristics can 

be analysed with the methods of fire protection engineering within the scope of parameter 

studies and can be used as a basis for the calculations. Reference values for the derivation of 

object-specific design fires are compiled in the Appendix to Chapter 4. 

To interpret the results of engineering investigations in regard to achieve the protection 

objectives, it is of crucial importance that the specifications made for the design fire scenarios 

and the design fires for the subsequent building use must be ensured as authorised limits. For 

this reason, the corresponding assumptions must also be determined sufficiently 

conservatively with regard to changes over time. 

Annex 1 of the Guide explains the terms used in this chapter as well as the symbols and units 

used. 

4.2 Design fire scenarios 

 General information 

The relevant design fire scenarios are developed and described with a view to the attainability 

of the specified protection objectives (see Chapter 3). Priority will be given initially to a 

systematic identification of fire hazards with subsequent risk assessment (see Chapter 10). 

The latter evaluates the likelihood of occurrence of dangerous scenarios (the possibility of 

activating the fire hazard) combined with the expected consequences of events (assumed 

extent of damage in relation to the protection objective). Within the framework of the definition 

of design fire scenarios, aspects directly related to the flammable substances are of increased 

importance in this risk assessment. These aspects include questions such as: 

 Which flammable substances are to be expected within a given room and how 

are they arranged or stored there? 

 How easily can these combustible materials be ignited and how do these 

materials tend to sustain combustion in the assumed arrangement? 

 Which ignition sources or activation energy can affect these substances during 

the period under consideration? 

 Which fire effluents and what combustion heat can be released by these 

substances? 

In practice, it is usually assumed that the probability of a fire occurring is the same at all 

locations in a room because the risk parameters cannot be permanently determined for specific 

locations. For special investigations, the parameters of use (such as the arrangement of 

flammable substances or of possible ignition sources) can be determined and the source of 
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the fire can be located in the given room. In the further course of a fire, all flammable 

substances may be involved. In individual cases, it may be necessary to consider whether the 

fire can spread between flammable substances and areas free of fire loads. The time period 

from ignition to the beginning of fire propagation is usually neglected in fire scenarios (see 

Figure 4.1).  

In addition to the assumed material characteristics, the combustion conditions and 

extinguishing measures in particular determine the fire development to a large extent. 

Combustion conditions refer in particular to the available atmospheric oxygen in the 

combustion zone. In terms of extinguishing measures, the activation time in relation to the 

scale of fire and fire propagation speed is taken into account as well as the assumed 

effectiveness in influencing the fire.  

Other plant-related fire protection measures such as automatic fire detection systems and 

alarm systems in particular do not directly influence the fire occurrence. However, they may 

affect the activation time of manual extinguishing measures and thus indirectly affect the fire. 

The main value of these fire protection measures assumed in fire protection planning lies in 

life safety and is addressed in Chapters 8 and 9 of this guide. 

From the different possible fire scenarios influenced by structural, plant-related and 

organisational boundary conditions and measures, the relevant scenarios with regard to 

validate a protection objective shall be selected. In this context, the probability of occurrence 

of a scenario (e.g. with/without sprinkler system) plays an important role, but also the potential 

damage. For the structural fire design of load-bearing components, it will be initially assumed 

that all extinguishing measures by persons on site, the fire brigade or extinguishing systems 

will fail (fully developed fire). Within DIN 18230-1 and DIN EN 1991-1-2/NA [4.21] however, 

probabilistically derived safety concepts have been implemented which enables the fire 

protection infrastructure to be taken into account when determining the design fires. 

For verifications of life safety, the design fire scenarios are used as "normal case" under 

consideration of the physical effect of the planned / existing active and passive fire protection 

measures.  

In addition, also sufficiently probable “failure scenarios” shall be deterministically analysed, in 

which individual or several of the planned fire protection measures fail or do not function as 

intended. These (additional) investigations highlight that the failure of individual fire protection 

measures only have a slight influence on the “normal case conditions”, or rather what certain 

fire protection measures contribute to achieve the protection objectives.  

With these "failure scenarios", the dependence of the proven solution on individual fire 

protection measures can be assessed, which may lead to special requirements on their 

reliability - or even to redundant measures. Findings about these rare events can also be 

evaluated by applying corresponding "weaker" performance criteria (as then permissible limit 

states). For example, to assess the usability of escape routes, assessment values for the 

"normal case" - according to Chapter 7.6 of this guideline - are established, which are the most 

conservative approach, that the limit states are linked to an "obstruction of escape". For the 

"failure scenarios", "weaker" limit states may be used which characterise an "obstruction of 

escape". See also Chapter 8 - in particular Chapter 10.5 (Note: A normatively defined safety 

concept such as for structural fire design is not yet available; however, this methodology is 

also suitable, developed and tested on examples for determining safety factors for typical 

ASET/RSET considerations [4.53],[4.54]). 

A scenario in which all or a majority of the planned fire protection measures fail or in which 

essential assumptions of the design are not applicable is basically a "worst-case assumption" 

which is not relevant - i.e. not decisive - for the design due to the extremely low probability of 
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occurrence. If, however, all or many of the planned fire protection measures are technically 

interrelated in such a way that the failure of one component of the safety concept (e.g. the 

power supply) leads to the failure of many measures, then these cases are also decisive and 

have to be considered [4.57]. 

The specification of the design fire scenarios result in design fires which are the basis for the 

calculated fire simulations. In the process of calculating, conditions can occur that deviate from 

the basic assumptions of the design fire scenarios. Therefore, the calculation assumptions of 

the design fire scenarios must be checked using the calculation results. If necessary, 

modifications to the design fire scenario and new calculations may be necessary. 

Example: The design fire scenario specifies a certain type of fire propagation. Due to the 

temperature in the hot gas layer, the heat radiation from above causes objects, which are 

located at a greater distance from the actual fire, to ignite. In this case, the type of fire 

propagation must be changed (e.g. faster fire propagation) and, from this point on, the 

corresponding simulation must be recalculated with modified conditions. 

It is likely that cross winds will impact building openings. Inside buildings, the wind effects can 

influence the flow field and the spread of fire effluents. This effect is particularly noticeable in 

buildings with free openings in facades or free openings in roof surfaces, and during fires and 

fire phases with low heat release, which occur in the initial phase of a fire scenario. This apllies 

in particular to fire sources that are located near building openings and whose plumes are in 

the direct influence of the incoming air. In scenarios with large heat release rates (e.g. for 

structural design of components), these influences are insignificant and can usually be 

neglected [4.1]. 

The wind has only a minor influence on the development of the source term and can therefore 

usually be neglected for the source term. 

 Principles for identification of the relevant design fire scenarios 

In order to identify the relevant design fire scenarios from the multitude of conceivable and 

possible fire scenarios, appropriate guidance is given in the following by limiting the number of 

fire scenarios which have to be examined with computational parameter studies. 

Automatic fire detection systems (not sprinkler systems), alarm systems, information systems 

or smoke and heat exhaust ventilation systems are of great importance for the dynamic course 

of a fire scenario, but do not normally influence the determination of the design fire until the 

moment when active firefighting measures are taken by emergency services. However, these 

measures and technical installations are essential for the evaluation of the fire consequences 

(available escape time) and the determination of the required escape time by a person flow 

analysis as described in Chapter 8 and 9particular, the system for determining reaction times 

(time span between the outbreak of fire and the beginning of the actual escape movement) 

described in Chapter 9.3 explicitly refers to the alarm system and the fire protection 

management, which may also include an information system. 

The following influencing factors shall be taken into account as a minimum when identifying 

the relevant design fire scenarios: 

a) Unchangeable parameters from the object 

 Fire compartment geometry. 

b) Variable parameters 

 Type (fire load, combustible materials), size and location of the source of 

the fire, 
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 Ignition sources / ignition initials as well as type and storage of the 

substances / objects that caught fire first for the consideration of "local fire 

scenarios,  

 Fire phases (fire emergence/pre-burning phase, fire spread phase, locally 

limited fully developed fire, fully developed fire in the fire room), 

 Ventilation and opening conditions, 

 Trigger conditions of active (plant-related) measures. 

c) Special cases (to be considered only in exceptional cases) 

 special events / rare and exceptional events (e.g. : Arson with multiple 

sources of fire and fire accelerant), 

 Scenarios in which planned fire protection measures do not work or do not 

work as intended. 

Depending on the concretion of the protection objective and the accepted extent of damage, 

different and appropriate design fire scenarios shall be applied. For initial orientation, the 

following assignment of essential scenario characteristics to the protection objective can be 

used: 

 Personal protection aspects of the users: 

Phase of the pre-burning time is usually neglected and is then part of the 

safety concept / additional safety reserve, which is not quantified by fire 

simulations over time. The essential requirements for personal safety are 

evaluated in connection with the fire propagation phase. 

 Rescue by fire and rescue services: 

The requirement and the extent of external rescue measures as well as the 

concretization of the protection objective are defined in the fire protection 

concept under consideration of object-specific criteria. Direct reference is to be 

made to this. Scenarios of fire propagation in the vicinity of the persons to be 

rescued, but also full fire scenarios in other parts of the building can be 

considered. 

 Enabling effective firefighting by the fire brigade: 

In principle, fire protection concepts start from the internal attack of the fire 

brigade when evaluating the effectiveness of manual extinguishing measures. 

The maximum size of fires that can still be controlled by the fire brigade 

depends on the efficiency of the fire brigade. In principle, the stability of the 

main structure of the building parts required for firefighting should be ensured 

for a firefighting attack (see stability). 

 Stability and integrity in case of fire: 

Advanced and fully developed fires, which generally appear as full fires in 

"small" spaces and as local fires in "large" spaces.  

 Asset protection:  

The concretion of the protection objectives depends strongly on the individual 

case. It is not possible to give any general indications in this respect. 
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In preparation for a mathematical fire simulation, the design fire scenarios to be considered 

can be determined by a systematic evaluation of the "variable parameters". First of all, possible 

/ conceivable fire scenarios are compiled on the basis of identified fire hazards and then 

evaluated with regard to their assumed probability of occurrence and the resulting expected, 

protection objective related damage (both usually: expert judgement). For this purpose, the 

following aspects are usually to be evaluated for each fire scenario: 

1) Select the location of the source of the fire 

 The room or place in a room is selected where a fire can break out, which can 

have large or dangerous effects. 

 As a rule, several fire sources are possible and equally probable in one room. 

Then one of them is determined which covers the other fire locations. If this is not 

possible, several fire sources must be considered. So-called authoritative 

scenarios are chosen. 

2) Describe fire load and fire origin 

 The fire load involved in the fire with a high probability is described (type, location 

and storage, quantity, risk of fire spreading). 

 The origin of the fire (initial release of heat at the beginning of the fire spread 

phase) and, if necessary, the objects set on fire first are determined. 

 For the design fire, the data result in particular in the heat release rate and the 

fire propagation velocity. 

3) Describe the ventilation conditions of the fire compartment 

 Openings of the fire compartment (such as windows, doors, SHEVS, etc.) are 

described with regard to their opening areas or their performance criteria (mass 

flow), their arrangement in the building and including their opening conditions.  

4) Type of fire 

 The fire phase primarily relevant for the objective of the investigations is named 

and it is provisionally1 determined whether it is a fire load-controlled fire (sufficient 

combustion air available) or a ventilation-controlled fire. 

5) Influence of the system technology on the course of the fire and the fire scenario 

 If plant-technical measures are taken into account (e.g. automatic fire 

extinguishing systems such as sprinklers), a limitation of the "undisturbed" fire 

propagation is possible. For this purpose, criteria for the activation of this system 

technology shall be specified and their expected effects on the fire event shall be 

described. 

 The approach of plant-engineering measures in the determination of design fire 

scenarios and a limitation of the fire progress curves caused by this should be 

evaluated under consideration of the failure probabilities of the plant-engineering 

                                                           
1This specification is checked during the fire simulations and, if necessary, adapted and 

modified to the ventilation conditions that have changed in the course of the event. 
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systems (see Chapter 10). The expected effectiveness of all safety measures is 

generally assumed2. 

6) Firefighting by the fire brigade 

 The consideration of the firefighting measures of the fire brigade (effectiveness of 

fire fighting) on the course of the fire and the intervention of the fire brigade in the 

design fire scenario has to be coordinated with the responsible fire protection 

authority in each individual case. 

 As a rule, firefighting operations cannot be defined in concrete terms in a time 

regime, since the decisions of the operational command must be based on the 

actual local situation and the actually available forces and resources. This cannot 

be determined with the necessary reliability for a time regime. Often, however, 

planning principles for firefighting operations can be used for an engineering 

evaluation and for involving the fire brigade in fire simulations (see Chapter 7). 

7) Estimation of the expected damage 

 The expected fire consequences / damage patterns of the fire scenario shall be 

described and evaluated. 

 Overall evaluation and selection of the design fire scenario. 

 From the fire scenarios considered, one or, if necessary, several design fire 

scenarios/design fire scenarios are selected. These should cover all relevant fire 

scenarios on the safe side. 

 The criterion for selection is the expected extent of damage over the life of the 

building. This involves - mentally - multiplying the probabilities of occurrence of 

the events by the expected extent of damage. This is usually done on the basis of 

available expert knowledge / estimates ("expert judgement"), although systematic 

risk assessment procedures can also be used (see Chapter 10). 

 Design fire scenarios for the usability of escape routes 

The safety of persons is initially determined by the conditions during the fire spread phase. 

This is based on the assumption that the persons are able to rescue themselves via the 

designated escape routes.  

During the period relevant for the assessment, fire spread and evacuation take place 

simultaneously. The aim is to check the criteria for the proof of personal safety (see Chapter 3 

and Chapter 8). 

For the assessment of personal safety, several scenarios usually have to be examined. Both 

under-ventilated fires with a low heat release rate and sufficiently ventilated fires with a high 

heat release rate should be considered as ventilation conditions. 

                                                           
2The consideration of the failure of safety devices is subject of the safety concept and the risk 

analysis. This results in other scenarios that are also relevant and calculable for certain issues 

(safety concept, risk analysis). 
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 Design fire scenarios for external rescue by the fire brigade 

External rescue by the fire brigade is only a plannable event for buildings with a "low fire risk" 

for their users. A typical example is the evacuation of apartments or hotel rooms that are not 

directly affected via smoky corridors or ladders with the support of the fire brigade. 

In principle, this external rescue process can only be conceptually provided for in fire protection 

planning as a measure for those parts of the building which are not directly affected by the fire 

themselves, i.e. for units of use and parts of the building in which the source of the fire is not 

located.  

For the implementation of external rescue measures, boundary conditions are required which 

can be checked with engineering methods. For the usability of corridors, for example, the fire 

resistance of the corridor walls and their ceilings (suspended ceilings) or the flammability of 

their building materials are essential. For the usability of instructable areas, the possible 

escape of fire and smoke from building openings in nearby facade areas must be evaluated. 

The design fire scenarios suitable for this purpose should be based on a full fire or on a fire 

event in an "other" unit of use (or storey, fire compartment) that could already have developed 

over a longer period of time (possibly to a full-developed fire). 

 Design fire scenarios for firefighting by the fire brigade 

In principle, effective extinguishing measures of the fire brigade require sufficient conditions 

for an internal attack. Whether an internal attack can still be carried out successfully depends, 

among other things, on the accessibility of the source of the fire and its expansion, speed of 

propagation and the rate of heat release at the time of arrival at the fire site. Due to the 

performance limits of the fire brigade, automatic fire extinguishing systems are often used to 

support or enable effective extinguishing measures and/or structural partitions are arranged.  

For a realistic estimation of whether these fire brigade deployment limits are exceeded by a 

real fire, it is necessary to examine corresponding fire scenarios more in detail. 

The "worst-credible scenario" must be defined for this purpose in areas where high fire loads 

are present. When evaluating possible fire sources, the flammability of the combustible 

materials as well as their combustion behavior and the expected rate of fire propagation shall 

also be taken into account. 

 Design fire scenarios for the component or structure design 

Components with stability requirements should be able to resist the fire attack for a reasonable 

period of time and remain stable in the event of a fire. Room-enclosing building components 

should prevent the spread of fire and not expose any openings or heat them so strongly that 

ignition temperatures for flammable substances occur on the side facing away from the fire. 

First of all, the components for which a fire protection design is required are determined. For 

these, in addition to the temperature load, the static load (load utilization for load-bearing 

components, static system with boundary conditions) should also be taken into account 

(engineering task on the specific object). 

For the assessment of the load-bearing and deformation behaviour of building components, 

fire scenarios are considered in which the fire has already developed strongly - usually into a 

fully-developed fire. The fire impact is composed of the radiation components of the flames 

and the temperature of the hot gases on the component. Scenarios with strongly developed 

fires are relevant for assessment over the duration until complete burnout or until an event 

specified in the protection objective definition is reached. 
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As a rule, fully-developed fires or locally limited fires are investigated which affect all fire loads 

in the immediate vicinity of the components to be evaluated. 

For components in the ceiling area, such as beams, the hot gas temperature is usually relevant 

for design. In larger rooms (> 400 m²) the local stress in the plume area must be taken into 

account. For columns, the plume temperature or flame temperature in the area of the source 

of the fire is decisive in the initial phase of the fire. In larger rooms (> 400 m²), the hot gas 

temperature is decisive for the design of columns and girders as soon as the fire load in the 

area of the columns has burned away. 

In the case of very large and/or high rooms - such as in large industrial halls and atria - the 

average hot gas temperature in the ceiling area is not relevant for the design of the stability 

and the space closure of the components in the area close to the fire. Local temperatures and 

radiation effects (e.g. from a plume calculation or CFD simulation) should be used for this 

purpose. 

Ventilation conditions are a major factor influencing the temperatures in the fire compartment. 

For the determination of the relevant ventilation conditions, all windows and doors of the fire 

compartment are to be considered as possible openings of the fire compartment, whereby the 

opening conditions are to be determined or varied in such a way that the maximum fire impact 

on the construction components is achieved.  

Only openings that lead directly outdoors should be charged as ventilation openings. Doors 

should be considered as ventilation openings if it is ensured that they lead to the outside or to 

a room with sufficient air supply. 

The fire-induced failure of window surfaces can have a considerable influence on the 

ventilation control and the resulting design fire. 

The time of failure of a glazing depends, among other things, on temperature differences, 

stresses within the glass, width and height of the pane, degree of perfection of the production 

(micro-cracks), type of frame, storage and thickness of the pane, number of panes (single or 

multiple glazing) and thermal stress (shock or uniform). Furthermore, a breakage of the pane 

does not mean that it is completely available as a ventilation opening. Since an estimation of 

the fire-related failure of window surfaces, e.g. based on temperature, is only possible to a 

limited extent, a conservative and protection objective-oriented assumption of the release of 

ventilation openings seems appropriate. 

Various ventilation conditions can be relevant when determining the effects of natural fire on 

supporting structures. For example, for exposed steel girders, the level of the maximum 

temperature is primarily decisive (fire load controlled fire), whereas for clad steel and reinforced 

concrete structures the duration of the fire exposure is relevant (ventilation controlled fire). 

Therefore, it may be necessary to investigate a variation of the ventilation conditions within the 

scope of a parameter study. Usually, the opening area in the transition between ventilation-

controlled and fire load-controlled fire provides the most conservative results for the design of 

structural elements. 

From fire tests, e.g. [4.3], [4.5] reference values for fire room temperatures near the glazing 

can be roughly derived from engineering practice, at which glazing fails in such a way that 

chargeable ventilation openings are released. The order of magnitude of such destructive room 

temperatures results approximately as follows: 

 Single glazing (3 mm)  300°C to 360°C 

 Single glazing (4 - 6 mm) 450°C 
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 Double glazing   600°C 

 Double glazing; PVC frame  550°C (after 30 minutes exposure) 

 Double glazing: wooden frame  550°C (after 60 minutes exposure) 

 Triple glazing, wooden frame  730°C (after 30 minutes exposure) 

The results show that with modern construction methods, it cannot be assumed that window 

surfaces will be available early on for smoke and heat dissipation. 

The extent to which firefighting can be taken into account when determining the design 

scenario is a question of the safety concept (see Chapter 10). Triggering times of system-

related measures and intervention times of the fire brigade shall be determined in accordance 

with Chapter 10. 

 Fire scenarios for property protection risk assessment 

Within the framework of a hazard analysis with subsequent risk assessment, the protection 

objectives for the protection of property are assessed according to the typical fire events that 

pose a particular risk. In particular, the following types of damage can be considered: 

 Damage to equipment, means of production or of materials or products through 

direct exposure to smoke, for example through contamination or through 

corrosion damage, 

 Damage to equipment, means of production or of materials or products due to 

direct thermal fire effects, 

 Damage to equipment essential to operation (bottleneck), 

 Damage caused by failure or considerable repair work on parts of buildings, 

 Damage due to a fire-related interruption of operations, 

 Damage to equipment, means of production or of materials or products caused 

by extensive or very intensive firefighting measures, for example by the 

extinguishing water, 

 Damage due to loss of image of the company. 

The fire scenarios are based on the main risks identified, for example 

 Fire developments with considerable smoke development at an early stage, 

 Fire developments with high fire propagation speed and heat release rate, 

 Fire developments with a high heat release rate in the vicinity of goods to be 

protected, 

 Fire developments that can lead to failure or significant damage to large parts of 

the building, 

 Local fires with the potential for disproportionate damage or fire consequences. 

If necessary, the analysis of the scenarios already provides information at the stage of a 

qualitative assessment as to whether the expected fire effects require special protective 

measures to achieve the protection objective. Based on the expected fire effects, decisions on 

additional or special fire protection measures can be further secured by numerical 

investigations. 
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 Special questions 

 Local fires (limiting the spread of fire) 

The spread of fire can be effectively limited by the following measures: 

 Effective extinguishing works are successful and prevent a further spread of fire.  

 An example of such a procedure are the design fires for the design of natural and 

mechanical smoke ventilation systems in DIN 18232. 

 Automatic extinguishing systems can be considered in the same way. DIN 18232 

assumes a maximum fire area of 20 m² as an example. 

 Walls or fixtures prevent a direct fire spread beyond them (at least for a certain 

period of time).  

 An example of this is a wall, that was build without requirements for a fire 

resistance class (e.g. sheet metal wall as smoke protection). A further spread of 

fire beyond this obstacle can only occur if, for example, a temperature is reached 

at the back of the wall which can lead to an ignition of the combustible materials 

behind it. 

 Between flammable materials, fire load-free strips (free strips) are arranged with 

a width that prevents the fire from spreading any further (see e.g. DIN 18 230-1; 

Appendix A - in conjunction with other measures).  

 A critical heat flux density (for spontaneous ignition) or a critical temperature 

increase (ignition temperature) on the substances is used as a criterion for 

demonstrating that ignition of fire loads beyond the free strips does not occur. 

The same conditions and models as for fires without limitation of fire spread shall apply to the 

occurrence of fire and its propagation on the partial area.  

 Consideration of wind and air flows in fire simulations 

The relevance of considering wind influences in superposition with the exceptional fire effect 

can be tested with the methods of Chapter 10. 

The decision on the consideration of the wind influence must be made in individual cases with 

the parties involved in the project. 

The following cases may be considered for this purpose: 

 Deflection of the flame outside of buildings due to the influence of cross winds, 

e.g. when assessing combustible facades or when dimensioning building 

components in front of the facade, 

 Disturbande of the smoke gas stratification and smoke removal, e.g. in case of 

evidence to enable the rescue of persons and/or effective extinguishing work. 

For the removal of smoke from rooms and in particular for the formation of stable smoke 

layers wind currents can be  

 essential, for example, for wind-dependent smoke extraction concepts such as a 

wind-exposed position of natural air intake and/or smoke extraction openings 

(e.g. openings in side walls), 
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 of secondary importance for wind-independent concepts with mechanical smoke 

extraction measures and appropriate air supply. 

The following points should be observed when considering wind currents: 

 Investigation especially for the local main wind direction, 

 Comparison of the results with simulations without wind influence, 

 The determination of the wind effects (wind direction, wind force) should be 

derived from corresponding local wind measurements. Since both the design fire 

and a specific wind event are rather rare random variables, their occurrence 

probabilities must be taken into account for the simultaneous occurrence of both 

events. Since the design fire is already determined "conservatively", particularly 

large and correspondingly rare wind load cases are rather not safety-relevant for 

the protection goals of smoke removal. 

4.3 Design fires 

 The fire course and principles of its modelling 

 General information 

In addition to the qualitative description of the fire scenarios and the fire sources, a quantitative 

specification of the fire development is necessary. It describes the essential fire parameters in 

their development over time. The different fire development stages of a "naturally" developing 

fire (without external effects by extinguishing measures) are shown in the Figure 4.1.  

The design fire is usually a theoretical - but certainly possible - fire course, which covers a 

large number of conceivable fire developments on the safe side. The design fire need not 

necessarily cover all conceivable and possible fire events on the "safe side". It should, 

however, cover the risks resulting from the fires in their entirety with sufficient certainty. Within 

the scope of the "fire simulation", it is checked whether the specifications defined in the design 

fire are physically possible; if necessary, the specifications are then replaced by realistic values 

(and documented). 

When developing fire protection concepts, it is assumed that3 the fire only starts at one point 

in the building. Fire transmission to other objects should be taken into account.  

                                                           
3 Special case of arson: see "Design fire scenarios for asset protection tasks”  
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Figure 4.1 Fire development phases during "natural fire" (Schematic diagram of the heat 

release rate) 

The time courses for the heat release rate and for the release of combustion products are also 

called "source terms". 

The design fire begins with the formation of a stable flame. During the installation/discharge of 

the design fire, the phenomena and developments of the fire should be analysed in advance. 

Influence on the course of the fire: 

 the type of ignition (initial, material), 

 flammable substances, type and distribution, 

 characteristic material data on combustion behaviour, smoke potentials, packing 

density, utilisation, 

 fire load, 

 possible fire surface or fire spread, 

 room geometry including openings, 

 ventilation openings, opening effect possibly staggered over time, 

 flashover conditions, 

 heat-specific parameters of the components,  

 combustion processes outside the room (flames outside in front of the openings), 

which must be taken into account in the heat balance for the fire compartment, 

 total releasable energy. 
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The "design fire" represents the time-dependent release rate of heat and of fire products. 

Important parameters that can be used to describe the design fire are summarised in Table 

A4.1 of the appendix in Chapter 4. 

In the case of ventilation-controlled fires, the rate of release of fire products in particular can 

change considerably compared to a fire load-controlled fire (see Chapter 8). For heat release 

rates given by the source term, the fire regime should be controlled continuously during the 

calculations or separately after the calculations, taking into account the global or local oxygen 

supply. 

The proportions of fire products in the combustion (g/g or vol. %/g) are treated as "substance-

specific characteristic values", whereby, as a rule, only a dependence on the fire regime4 is 

taken into account. Under this model assumption, the heat release rate is used to directly infer 

the release rate of the fire products, taking into account the specifications regarding the type 

of fire loads via the averaged calorific value. 

Thus, the heat release rate (HRR-) in connection with the type of fire loads can be used as a 

central source of information. From the heat release rate, the formation of further fire products 

including smoke particles can then usually be deduced. 

 Heat release rate 

The heat release rate can be set in different ways, for example 

(a)  by experiments (similar fire load under similar room and ventilation conditions), 

(b)  by calculations, 

 Reproduction of fire development and propagation with the aid of a propagation and 

combustion model (conditionally possible), 

 Calculation of the fire development (fire spread and fire leaps) by calculating heating, 

pyrolysis and ignition of further fire loads, starting from a small primary fire source 

(still in development, not yet secured for broad applications),  

(c) by agreement on the basis of damage assessments or other findings, 

 Use of ready-made design fire curves mentioned in the literature for special cases 

(e.g. burning sofa) - Caution: Consider comparability of boundary conditions,  

d) through normative specifications and technical regulations, 

 Design according to simplified theoretical approaches using characteristic values 

from the literature (e.g. q, Hi, m , vaus) - if sufficient data material is available, it is 

recommended to use different approaches for the calculation. 

 Design fires based on project-specific fire tests 

Fire tests under realistic boundary conditions with regard to the fuels, the room configuration 

and the ventilation conditions can be metrologically recorded in such a way that the input 

parameters and input data for fire simulations can be realistically described and specified for 

the individual case to be evaluated. 

For the use of published measured values from fire tests, knowledge of the exact test boundary 

conditions, in particular the arrangement of combustible materials and ventilation conditions, 

is of particular importance. Since, as a rule, the boundary conditions of the tests are either not 

                                                           
4 fire load controlled or ventilation controlled fire 
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completely known or deviate from the object to be evaluated, an engineering-appropriate 

transfer of the published numerical material to the object-specific boundary conditions is 

generally required. 

Findings regarding the burning of individual objects under excess air conditions can be 

mathematically combined to form spreading fire patterns as long as fire load-controlled fire 

conditions (excess air) are given. 

 Design fires by direct specification of fire actions 

Important is the selection of the decisive fire parameters and the fire development phases to 

be investigated. For this purpose, all parties involved in the construction should reach an 

agreement.  

In fire protection practice, however, certain fire parameters are often used directly as direct 

design fire specifications - for example the temperature development in the fire room (e.g. the 

standard nominal fire curve) for the design of structural fire protection measures. Suitable 

sources for corresponding specifications in these cases are, for example, the test fires of 

standard test procedures. 

 Fires of individual objects 

A typical application for fire simulations is the analysis of fires of individual objects. 

In general, the fire behaviour of objects to be evaluated cannot be derived theoretically. If 

necessary, it should be determined experimentally. It is important, among other things, to 

realistically represent both the objects themselves and the conditions of the fire room 

(ventilation and size) in the test setup. Likewise, the type of ignition / fire development (ignition 

initial) is of great importance for the experimental course of the fire event. 

When using published fire curves, the experimental boundary conditions should be compared 

with the application case. 

 Normally regulated ignition initial 

The heat release rate and the resulting fire effect of an ignition initial on "existing fire loads" is 

decisive for whether a local fire develops and how quickly it develops into an independently 

spreading fire in the fire formation phase. Consideration of the local fire development is 

important if details of the fire course are important. 

The experimental findings on the fire behaviour of articles have been determined for specific 

ignition initials and do not apply to all ignition initials. For example, the fire behaviour of furniture 

differs significantly if high heat release rate initials are used instead of low heat release rate 

initials. 

The ignition initial is usually understood as an "alien body" and establishes the connection 

between the ignition source and the user-specific fire loads. The Table 4.1 shows a selection 

of normatively regulated ignition initials with the time-dependent heat release rate. 
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Table 4.1 Selection of normatively regulated ignition initials 

Initial ignition 
Heat release rate 

Time - reference 
Source 

Small open flame 0.05 to 0.5 kW for 30 s UL 94 

Newsprint / waste 7 kW for 3 minutes 
DIN EN 45545-1 Appendix 

A / UIC 564-2 (paper pad) 

Single burning object, 

e.g. waste paper 

basket 

30 kW for 20 minutes DIN EN 13823 (SBI) 

Luggage / baggage 

75 kW for 2 minutes and 150 kW for 

another 8 minutes 

DIN EN 45545-1 Appendix 

A 

120 kW up to the 5th minute and 150 

kW up to the 8th minute 
TRStrab fire protection 

Wooden crib (200 kg 

spruce wood, floor 

space approx. 1.2 m²) 

up to 3,000 kW according to [4.8]. 
MVV TB Annex 5 Base fire 

test method 

 

 Approaches for design fires 

 t² model for the fire development phase 

The t²-model is mainly used for the calculation of the temporal heat release with low 

determination of the fire conditions with normative approaches and is widely used in the 

international field. 

If no reliable information on the combustion properties (combustion velocity) of the fire loads 

is available, general assumptions must be made on the safe side. As the calculations are 

usually to be valid for a wider range of possible uses and fire loads, this is a frequently used 

procedure.  

The following approach has been adopted in international standardization (see Figure 4.2, 

Table 4.2 and Table 4.3): 

 Different fire developments are classified, for example: slow, medium, fast and 

very fast.  

 The characteristic fire developments are necessarily idealised values, but are 

based on scientific research using tests and the evaluation of real damage fires. 

They were established with regard to personal protection in the USA (see NFPA 

92B [4.14]).  

 The fire development is described with a t2 approach: 

2Q t    (4.1) 
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

 
    

 

2

S 0

t
Q Q Q

t
 (4.2) 

with 

Q  Heat release rate [kW], 

SQ  Heat release rate [kW] at the time t0, when the initial fire changes from an object 

fire to a fire spreading over the object (start of design fire, see Figure 4.1) 

0Q
 = 1000 kW 

 Fire development factor [kW/s2]  

t Fire duration  without consideration of the ignition phase / smouldering fire 

phase [s]  

t  characteristic fire development time; the numerical value corresponds to the fire 

duration in [s] until a heat release rate of 1 MW is reached 

The curve determined with the t² function is left when a flashover occurs and the fire progress 

curve rises up to the maximum value according to equation (4.19). 

The fire course curve will be controlled by the existing fire load (see Chapter 4.3.3.4). 

The fire courses determined in this way are each characterised by a constant area-specific 

heat release rate [kW/m²] related to a circular fire area. The radius of the circle increases 

linearly with time. A sufficient air supply is a prerequisite for the application of the following 

tables. Therefore, when used for ventilation-controlled room fires, this equation is only valid 

until the flashover is initiated.  

For local fires in large halls, the increase curve of the heat release rate ends when the 

maximum heat release in relation to this limited fire area is reached.  

This parameter  indicates the increase in the heat release rate. A corresponding 

representation of the fire development for characteristic values of the control variable for the 

heat release rate is given in the Figure 4.2. An assignment of the stepped fire development to 

t or  can be found in Table 4.2 or Table 4.3. 

 

Figure 4.2 Fire development until a maximum heat release rate 
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The table appendix 5 contains recommendations for the classification of different uses and 

values for certain combustible materials.  

The tests in original scale for the classification of units of use resulted in maximum values for 

the fire performance before a different decay of the fire. The formula therefore only gives a 

usable approximation of the course of the fire until this maximum value is reached.  

In the calculations of the heat release rate according to the t2 relationship or via the area-

related heat release rate, the burn-up of the combustible materials is not directly included in 

the calculations. Therefore, additional numerical values for the smoke potentials and the 

oxygen demand of the combustible materials should be provided as input values for the fire 

simulation models to determine the current fire regime or if the smoke control is the target of 

the calculation (see Chapter 8). 

Table 4.2 Assignment of fire development to different types of use and substance groups 

Fire development Type of use [4.8] Substance groups [4.10], [4.11] 

Slow Picture gallery Tightly packed wood products 

Moderate 

Apartment, office, hotel 

(reception, rooms), any use 

without easily combustible 

materials [4.5] 

Cotton / polyester spring mattress, solid 

wooden furniture (e.g. desk), individual 

pieces of furniture with small amounts of 

plastic 

Fast Shop 

(High) stacked wooden pallets, 

filled mailbags, cartons on pallets, some 

upholstered furniture, plastic foam 

Very fast 
Industrial warehouse, 

production hall 

(Fast-burning) upholstered furniture, 

 high stacked plastics, thin wooden 

furniture (e.g. wardrobe), light curtains, 

pool fire 

 

Table 4.3 Standard values for  (Drysdale [4.12]) and t (NFPA 92 B [4.14]) 

Fire development 
Parameter  

[kW/s²] 

t [s] Fire duration until 

Q  = 1 MW is reached *) 

Slow 0,002931 600 

Moderate 0,011720 300 

Fast 0,046890 150 

Very fast 0,187600 75 

*) The values for the fire development factors α were determined and standardised for a heat release rate of 1000 BTU/s. The 

following conversion applies: 

1 BTU (British Thermal Unit) ≈ 1055.056 J; 1 BTU/s ≈ 1055.056 W. 

 

                                                           
5 The table values are to be understood as guide values and not as normative specifications. 
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 Geometric dispersion model for the fire development phase 

The t² model described above assumes a circular fire spread with the ignition point in the 

middle of the room. With the geometric propagation model, the real fire development can be 

depicted for the case that, based on the selected scenario, the ignition point is not in the middle 

of the room but at a different location. In addition, a more realistic representation of the 

development of the fire can be achieved by taking into account the geometric propagation 

when modelling the fire area in simulation models, since local fire effects are better taken into 

account. 

In a first step, the geometric propagation model is used to determine the development of the 

fire area as a function of time and then the fire course curve using the area-related heat release 

rate.  

The fire area or fire progress curve determined in this way is limited by the geometric boundary 

conditions of the fire room and the fire loads and, if necessary, by operational and plant-related 

fire protection measures. 

Orientational values for the fire propagation speed vaus can be found in the appendix. Further 

information on the fire propagation velocity can be found in [4.13], [4.24] and [4.26]. 

Another possibility to determine the fire propagation velocity vaus is the conversion of the t² 

model into the geometric model: 

 
 

0

aus

f

Qr
v

t t RHR
 (4.3) 

with 

vaus constant fire propagation speed in m/min 

r radial fire propagation [m] 

RHRf surface-specific heat release rate [MW/m²] 

t time [min] 

In the geometric fire model, the local burn-out can be considered in the manner of a simplified 

"traveling fires". This assumes that the fire spreads over the area, and the fire area is divided 

into sub-areas. Using the area-specific heat release rate and the calorific value of the fire loads, 

it is possible to calculate when the fire load in the corresponding partial area has been 

consumed. 

 Description of the phase of a fully developed fire 

Design fires for the description of the phase of a fully developed fire are mainly required for the 

design of the structural components of buildings, which should retain their stability even if 

extinguishing measures are unsuccessful. When determining the heat release rate, the fire 

regime should be taken into account. 

Two fundamentally different fire regimes can be distinguished: 

a) By limiting activatable fire loads, the fire performance is limited even if all 

combustible materials are involved in the fire (fire load controlled fire). 

b) Due to a lack of combustion air, even if all combustible materials are involved in the 

fire, the total fire performance is limited depending on the available air supply 

(ventilation-controlled fire). 
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The maximum heat release rate can be determined as the smaller of the two maximum values 

of the ventilation-controlled or fire load-controlled fire [4.15], since the maximum action in the 

fire space is determined by the dominant fire regime: 

 max max,v max,fQ MIN Q ;Q    in kW   (4.4) 

With the help of equations (4.4) it can thus be determined whether the fire is ventilation-

controlled or fire load-controlled.  

Figure 4.3 shows the temporal course of the heat release rate and the converted fire load for 

a fire load-controlled and a ventilation-controlled fire under different ventilation and otherwise 

identical conditions. 

 

Figure 4.3 Representation of the temporal course of the heat release rate and the converted 

fire load for a fire load-controlled and a ventilation-controlled fire under different 

ventilation and otherwise identical conditions 

For the description of the temporal course of the heat release rate, a distinction is made in the 

following between the fire regimes already introduced. 

Fire load controlled fire 

In a fire load controlled fire, heat release is limited by the burning surface of the fire loads. 

According to [4.21] the heat release rate is calculated as 

    
F i

Q(t) m'' A (t) H  in MW (4.5) 

with 

m''  area-specific burnup rate    in kg/(m2s), 

FA (t)  Fire area (increasing with fire duration)    in m2, 

T Time in h, 

  Combustion    effectiveness [-], 

fire load-controlled

ventilation-controlled
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Hi Calorific value of combustible substances    in MJ/kg. 

In accordance with DIN EN 1991-1-2 [4.21] simplified value of 0.8 is given for solid fire loads

 , 0.9 for liquid fire loads  and 1.0 for gaseous fire loads . 

In [4.21] the correlation is proposed for determining the heat release rate in office and 

residential premises: 

 max;f FireQ 0,25 A    in MW (4.6) 

This equation was verified by means of real fire tests. It can be applied to fire areas of up to 

400 m².  

 

Ventilation controlled fire 

Ventilation-controlled fire is a type of combustion in which there is not enough combustion air 

available in the room in question, measured in terms of the fire materials present. Combustion 

in the room is thus limited by the gas components flowing in and out through the openings.  

While in the fire load controlled case the burning rate is the limiting factor of heat release, in 

the ventilation controlled case it is the air or oxygen inflow. Analogous to the combustion 

efficiency  in the fire load controlled case, in the ventilation controlled case the oxygen 

demand and the degree of oxygen utilization are also 
2O considered.  

Simplified, the maximum heat release rate max,vQ  in a ventilation-controlled room fire can be 

described as the product of the oxygen mass flow 
2Om  or the supply air mass flow 

Lm  and the 

respective heat release per converted mass of oxygen 
2OE or fresh air as 

LE  follows 

[4.12],[4.15] 

     
2 2 2 2max,v O O O L L OQ m E m E    in MW (4.7) 

During the combustion of organic fire loads, an almost constant heat release per mass 

unit of consumed oxygen takes place. An average value of EO2 = 13.1 MJ/kgO2 or EL = 

0.231 ∙ EO2 = 3.03 MJ/kgL was determined for this heat release [4.17]. 

The aforementioned value EL related to air consumption can also be replaced by the fire load 

related calorific value Hi in conjunction with the stoichiometric air requirement r: 

2

i
max,v L O

H
Q m

r
        in MW (4.8) 

with 

Lm  Supply air mass flow rate    in kg/s 

Hi calorific value of combustible materials    in MJ/kgfire load 

2O  Oxygen utilization factor [-] 

r Stoichiometric  air requirement    in [kgair / kgfuel]. 
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There is a mathematical relationship between the calorific value of organic fire loads and the 

stoichiometric air demand. In evaluation of the values documented in [4.5] for various 

representative fire loads, this relationship is linear and amounts to 

  i i

L

1
r , 3 H

E
0 H3    in kgair/kgfuel (4.9) 

This correlation (see Figure 4.4) applies to both complete and incomplete combustion [4.16]. 

 

Figure 4.4 Relationship between air demand and heating value, compiled according to [4.5] 

The supply air mass flow 
Lm  required to dissipate the maximum heat release rate max,vQ  can 

be reduced for fires in rooms with exclusively 

a) mechanical ventilation can be estimated from the supply air mass flow of the 

forced ventilation,  

b) natural vertical openings in walls can be estimated using the Kawagoe 

equation (4.10) [4.21]. The area of ventilation openings and the clear height of 

openings in a room limit the supply air mass flow. 

The supply air mass flow rate 
Lm  is calculated according to [4.22] as 

  L W Wm 0,52 A h    in kg/s (4.10) 

By inserting (4.9) and (4.10) in (4.8) you can write in general terms: 

   
2max,v O W WQ 1,57 A h     in MW (4.12) 

In [4.19] a vertical temperature distribution in the area of the supply air surfaces between 900°C 

and 1,000°C was measured for room fires in the full fire phase. Even at these temperatures, 

not all the oxygen is consumed by the combustion. The oxygen index indicates the oxygen 
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volume fraction at which extinguishing occurs. This oxygen index depends on the fuel and the 

temperature (Figure 4.5).  

 

Figure 4.5 Maintenance of combustion as a function of temperature and oxygen volume 

fraction according to [4.20] 

No combustion takes place below the boundary lines shown in the Figure 4.5. For the 

temperature range between 900°C and 1,000°C occurring in the full combustion phase, the 

oxygen content is between 2.35 % and 6.89 % by volume. Based on an oxygen content of 21 

vol.% in the supply air mass flow, the maximum oxygen utilization rate for these fuels is 

between 0.68 and 0.89. 

If an oxygen utilization factor of 0.8 is assumed, the following relationship results 

max,v W WQ 1,26 A h    in MW (4.13) 

for equation (4.11).  

The pre-factor in equation (4.12) lies in this order of magnitude between the factor 1.21 

according to [4.21] equation (AA.1) and 1.38 according to [4.21] equation (BB.6). In [4.22], 

these approaches are assumed for rooms up to 400 m²; for larger rooms, the assumptions for 

calculating the heat release rate are on the safe side. 

In the case of several vertical openings i, the height of the opening areas hw is determined by 

the ratio of the sum of the height of the openings hw,i multiplied by the related opening areas 

Aw,i to the total existing opening area Aw,ges 

w,i w,i

w,ges

w

h A

A
h


    in metres (4.14) 

The empirical approach to the supply air mass flow (equation (4.10)) can also be derived from 

the Bernoulli equation for stationary flows [4.12] and includes fundamental simplifications (e.g. 
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constant fire room temperature), which neglect the fire dynamics within the fire room in order 

to derive an analytical solution.  

When using fire simulation softwares, it is advisable to base the model calculation on the 

ventilation conditions as time-dependent calculation variables / boundary conditions. It should 

be taken into account that the ventilation conditions change depending on time, since windows 

are opened, for example, to control smoke extraction measures. For this purpose, the higher 

value of the heat release rate according to the equation (4.4) should be used which is available 

at the beginning of the fire. In this case the fire load controlled case is used to specify the heat 

release rate and the actual heat release rate is determined by oxygen control of the combustion 

model. In this way, the course of the fire is taken into account, which is conservative for the 

hot design.  

 Normatively regulated design fires 

 General information 

In the following subchapters, various normatively defined design fires are listed. For some of 

these design fires - which are defined by the specification of mean fire room temperature/time 

curves - the temperature developments are shown graphically in Figure 4.4. 

 

Figure 4.6 Design fire curves in comparison; representation of the temperature increase in 

the fire compartment 

The following symbols are used for the equations (4.14) to. (4.17) 

T burning space temperature [K] 

T0 Temperature of the test specimens at the start of the test [K] 

t Time [min] 

 Design fires according to the smouldering fire curve 

The so-called smouldering fire curve is used for the fire propagation phase of a natural fire with 

a small increase in the heat release rate. The development of the fire room temperature is 

defined by the following formula: 

   
0,25

0T T 154 t    in K  (4.15) 
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 Design fires for the full fire phase 

Normatively defined design fires are required in order to dimension in particular measures of 

plant-related fire protection and components without having to evaluate special object-specific 

fire scenarios with the methods of fire protection engineering. The plant-engineering measures 

must develop their effect in the phase of fire development (especially fire detection elements) 

and fire propagation (especially for fire fighting), i.e. before the full fire phase has occurred. 

Standard nominal fire curve 

The standard nominal fire curve - ETK - according to DIN 4102-2 (or DIN EN 1991-1-2 or ISO 

834) is directly used as a fire-room temperature curve for component design. 

It is defined by the following formula: 

0T T 345 lg(8 t 1)         in K (4.16)  

External fire curve 

According to DIN EN 1991-1-2, the external fire curve can be used for the design of structural 

elements located outside the fire compartment within the respective national application areas. 

The development of the fire room temperature is defined by the following formula: 

    0,32 t 3,8 t

0T T 660 1 0,687 e 0,313 e
   

          in K  (4.17) 

Hydrocarbon fire curve 

Fires of hydrocarbons can reach significantly higher temperatures in a shorter time in a full fire 

situation than the ETK indicates. In such cases the harmonised hydrocarbon fire curve can be 

used. The development of the increase in fire room temperature is defined in DIN EN 1991-1-

2 by the following formula: 

   0,167 t 2,5 t

0T T 1080 1 0,325 e 0,675 e
          

 
   in K  (4.18) 

RABT curve (tunnel fire curve) 

The RABT curve is used for the design of components in tunnels. A temperature rise in the fire 

chamber to 1200°C within 5 minutes is assumed.  

The beginning of the linear fall of the curve occurs after 30 minutes (Figure 4.4). 

 Simplified natural fire model for component design 

The combustion proceeds according to fire phases and can be roughly divided into the fire 

development or propagation phase (up to t1), the full combustion phase (t1 to t2) and the decay 

phase (t2 to t3). For mathematical fire simulations as a basis for the component design, a 

schematic diagram of the heat release rate is generally used as shown in Figure 4.5. Where: 

sQ  Heat release rate at time t0, at which the initial fire changes into a spreading fire 

(start of design fire, see Figure 4.1) 

0Q  = 1000 kW 

gt  characteristic fire development time in s; the numerical value corresponds to the 

fire duration until a heat release rate of 1 MW is reached 
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max,vQ  maximum heat release rate of the ventilation-controlled fire 

max,fQ  maximum heat release rate of the fuel-controlled fire 

Q1-Q3 Energy  of the fire load that is converted in the individual fire phases 

 

Figure 4.7 Schematized fire course for a "natural fire" with the fire phases: Fire growth, full-

developed fire and fire decay 

Using the simplified natural fire model for the fully developed fire phase according to [4.21] the 

temperature-time curve can be calculated for rooms up to 400 m² with a height of up to 5 m, 

vertical opening areas of 12.5 % to 50 % of the room floor area and fire load densities of 100 

MJ/m² to 1300 MJ/m². For larger and/or higher rooms, the calculated temperatures are 

increasingly on the safe side. 

The maximum heat release rate for ventilation/fuel-controlled fires of any use can be 

determined according to Chapter 4.3.2.4. 

Figure 4.6 shows the standardized fire curve according to [4.21] with the characteristic times 

and the assigned temperatures in the fire room. It is important that the heat release and the 

fire compartment temperature show characteristic events at the same time. 
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Figure 4.8 Heat release rate and temperature-time curve according to the simplified natural 

fire model [4.21] 

The point in time of a flashover t1,fo, if any, at which the heat release rate suddenly rises to its 

maximum can be determined using equation (4.19): 

2

1,fo g fot t Q     in s  (4.19) 

where 
foQ in [MW] can be determined according to the method of Thomas [4.24] (see 

Chapter 4.3.4). 

Decay phase 

The decay phase of an "undisturbed" fire usually begins after approx. 70% of the total energy 

that can be released on the fire surface has been converted. Then the heat release rate drops 

until the fire load is used up. In a simplified way, the waste can be linearly calculated. 

 Flashover 

The fire can suddenly change from the fire propagation phase to the full fire phase if the so-

called "flashover criteria" are fulfilled.  

The flashover occurs in a room when a small localized fire spreads in such a way that all 

exposed combustible surfaces are included in the burnup. The spread occurs in a relatively 

short time.  

Above the localised fire, unburned pyrolysis gases accumulate and spread in the area close 

to the ceiling. If the ignitable concentration and the ignition temperature are exceeded, these 

gases are ignited over a large area of the room depending on the oxygen content in the hot 

gas. Hot gases interspersed with flames are produced, whose radiant effect ignites the 

combustible surfaces below.  

The flashover is connected to the entry of the following parameters. The most important 

Flashover criteria are 

 Heat release rate, 

 the flame radiation and/or the heat radiation from the hot gas layer 
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It can be assumed that a flashover occurs in rooms if the temperature of the hot gas layer 

exceeds values between 450 °C and 600 °C.  

According to THOMAS and WALTON [4.24] (also included in the National Annex to DIN EN 

1991-1-2) a flashover occurs when a certain heat release rate is exceeded: 

fo T w wQ 7,8 A 378 A h    
    in kW (4.20) 

with 

AT Interior surfaces of the room total in m² 

AW opening area in m² 

hW averaged clear height of the openings in m 

This formula is only valid for fire rooms without openings in the roof or ceiling area and for fire 

rooms with a maximum floor area of 400 m². 

Figure 4.7 shows the course of the heat release rate considering a sudden increase of the heat 

release rate at the time of the flashover. As a result of the flashover the full firing phase is 

initiated, in which the maximum heat release rate is reached. 

An abrupt increase in the heat release rate, as for example also provided for in DIN EN 1991-

1-2/NA, is a conservative assumption. Especially in large rooms, a delayed increase of the 

heat release rate due to the flashover can be assumed. Alternative approaches to determine 

the delayed increase of the heat release rate following the flashover are contained in [4.25] 

 

Figure 4.9 Fire course for a "natural fire" considering a flashover in the fire phase Fire 

propagation 

 Object specific design fires for small fire objects 

If the fire behaviour of an individual object itself is important as a basis for the assessment of 

fire safety in buildings, suitable experimental investigations are required in which the essential 

fire parameters heat release and smoke release are reproducibly recorded. The time course 

of the fire is measured and can be used as a basis for the mathematical investigations (e.g. 

seating group or reception desk in an entrance hall). In general, these tests can be carried out 
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with an unobstructed air supply, provided that in reality the air requirement for combustion is 

small compared to the existing room size of the fire room. 

The measured values of these "individual tests" can also be combined with each other for 

special tests in such a way that they reflect a possible course of the developing fire event in a 

room during the fire phase of "fire spread" (see [4.25]). Reference values can be obtained from 

the technical literature. Some examples are compiled in the appendix to this Chapter 4. 

 Influence of extinguishing processes on the course of the fire 

The influence of extinguishing processes on the pyrolysis rate, combustion efficiency and 

development of fire products is usually limited to the reduction of the combustion rate. The 

effect on the development of fire products is calculated from this.  

In many cases, the influence of active fire protection measures on fire development can also 

be estimated in advance and specified for further investigations. For example, it can be 

assumed that the heat release in a sprinkler-protected room is limited. Depending on the time 

of activation and the assessable effectiveness of the extinguishing measure, different fire 

developments can occur (Figure 4.8). 

As a rule, the extinguishing effect of firefighting by the fire brigade must not be used as the 

basis for a fire simulation within the framework of fire protection concepts, because 

 compliance with the auxiliary deadline to be assumed cannot be guaranteed, 

 the start of the extinguishing measures after arrival at the scene can be 

considerably delayed by other tasks of the fire brigade (e.g. rescuing people, safety 

measures). 

If, in individual cases, the extinguishing effectiveness of the fire brigade is to be taken into 

account, the requirements must be agreed in advance with the responsible authority. The 

effectiveness can then be estimated using the simplified extinguishing model proposed in 

Chapter 7.6.1.4 of the Guidelines. This model compares the undisturbed spread of the fire area 

AF up to the beginning of the extinguishing measures (activation time tact) with the fire area 

Aextinguishing,max. 

 

Figure 4.10 Model characteristics for the influence of extinguishing measures on the 

development of a design fire 
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For the reduction of the heat release rate of a fire source through the effect of a sprinkler 

system with a certain water load w after activation of the sprinklers at the time tact an approach 

developed in the USA [4.28], [4.31] can be used, which is also described in chapter 7 of the 

guide. 

 Display of the design fires in program codes 

The presented methods for the determination of design fires for different fire scenarios or fire 

phases aim at Q(t)  describing the fire development in the form of a stationary or time-

dependent heat release rate.  

For simple fire models or calculation methods, in which the source of the fire is regarded as a 

point source in a highly simplified manner, the specification of Q(t)  - typically often in the form 

of the normative ∙t2 design fire is sufficient. However, in many modelling approaches, 

especially in CFD simulation of smoke and heat propagation, the expansion as well as form 

and location of the source of the fire play an important role. In addition, the extent, area, shape 

(round or rectangular) or position (free or in a corner) of the fire source are often used as 

parameters in empirical approaches (e.g. plume models) (see Chapter 5 including chapter 

appendix). 

The expansion and shape of the fire source are usually dynamically changing variables which 

in reality usually also depend to a greater or lesser extent on the development of the 

environmental conditions through feedback mechanisms. The dependence of the heat release 

rate of a pool fire on the heat radiation on the pool surface and thus on the fire room 

temperature is an example of a strong feedback mechanism.  

If design fires are used in fire modelling, these dependencies on external influencing variables 

are normally already taken into account when selecting the design fire, e.g. by selecting a 

sufficiently high (area-specific) fire performance or by taking into account a correspondingly 

fast fire spread.  

Therefore, it is usually not necessary to deal with a direct reaction of the environmental 

conditions to the fire intensity. An exception is the transition from fire load controlled to 

ventilation controlled burn-up, which is explicitly considered in many models by balancing the 

supply and exhaust air mass flows or by calculating the local oxygen concentration. However, 

in the case of geometric fire propagation models, the geometrical parameters of the fire that 

change over time must be determined. This requires different input variables depending on the 

simulation model. 

The location of the source of the fire within the spatial structures has an important influence on 

the occurrence of the fire, especially the relative position to ventilation openings. This effect 

can only be considered in detail in three-dimensional room fire models (CFD simulations or 

suitably designed physical models). 

Further explanations of the representation of the design fires are discussed in more detail in 

Chapter 5 connection with the individual mathematical models. 
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ANNEX TO CHAPTER 4 

A4.1 Preliminary remark 

The information in the tables of this chapter appendix has been selected to give the user an 

indication of the quantities to be expected in relation to the individual parameters. Only data 

from reliable sources that are suitable for practical application have been used. 

Nevertheless, the user should always evaluate the table values critically in relation to the 

source term to be set by him and thus check the suitability of the table value. 

Depending on the information available for the specific use-related design fire, the above-

mentioned substance data are included individually or in combination in the creation of the 

(design) fire scenario. Material properties can be taken from DIN 18230-3 [4.5] or the SFPE 

Handbook [4.32]. The use of data from literature sources (generally available technical 

literature) or simplified generalised approaches is possible, provided that their applicability to 

the concrete fire scenario at hand can be proven. 

In this appendix (appendix of tables6) information on uses, objects and stored goods have been 

selected, which frequently occur in the context of the preparation of fire protection concepts. 

When selecting these data, particular attention was paid to data that correspond to the 

experimental experience of the authors of this chapter. Literature data that represent extreme 

values were not cited7. Further literature references follow. When using literature data, it should 

be noted that the boundary conditions must always be compared with the concrete application 

case. 

A4.2 Guidance values for the determination of design fires 

Table A4.1 Characteristic values for uses for estimating and developing the source terms 

Material or 

 use 

Notes / 

Conditions 

Fire load 

 [MJ/m²] 

Calorific 

value8 

 

[MJ/kg] 

9Fire  

developm

ent time tα 

[s] 

q
 = 

f(A)10 

[kW/m²] 

Source 

Living space  780 / 1085 19,5 300 
250 

310 

[4.21] 

[4.8] 

Office space 

with large 

equipment or 

upholstered 

furniture 

420 / 584 18,7 300 250 

270 

[4.21] 

[4.8] 

Office space 

functional, 

without 

upholstered 

furniture 

320 - 500 17,9 600 240 [4.8] 

                                                           
6 The table values are to be understood as guide values and not as normative specifications. 
7 e.g. the burning of an empty wardrobe with more than 6 MW/m² can probably be considered exotic, because in reality no empty wardrobe is the 

subject of the evaluation and one has to take into account that the fire of an entire living space may yield only 5 MW. 
8 related to mixed fire loads that are present in most cases; this term is used in all shall be commonly understood as a mixture of fuels according to 

their respective uses;  
9 Control quantity t according to DIN EN 1991-1-2, appendix E.4, (t corresponds to tg) 
10all values without sprinkler protection  
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Material or 

 use 

Notes / 

Conditions 

Fire load 

 [MJ/m²] 

Calorific 

value8 

 

[MJ/kg] 

9Fire  

developm

ent time tα 

[s] 

q
 = 

f(A)10 

[kW/m²] 

Source 

Hospital 

room 
2 beds 230 / 320 18,6 300 

250 

160 

[4.21] 

[4.8] 

Hotel room 

2 beds, 

furniture 

chipboard 

310 / 431 

430 / --- 

19,5 [4.8] 300 [4.30] 250 

[4.37] 

[4.21] 

[4.38] 

School:  

Classroom 

Furniture 

made of wood, 

seats made of 

moulded 

plywood 

285 / 397 18,2 300 150 [4.21] 

Lecture 

room 

Molded 

plywood seats, 

clothing, bags 

140 / --- 25,0 1.200 130 [4.8] 

Entrance 

hall 

Reception 

counter, few 

furniture with 

little upholstery 

150 - 400 19,2 450 240 [4.8] 

Shopping 

Centre 
 

600 / 835  150 250 

380 

[4.21] 

[4.8] 

Theatre  

(cinema) / 

auditorium 

upholstered 

seating 

300 / 417  150 

450 

250 

500 

[4.21] 

[4.8] 

Transport  

(public 

sector) 

 100 / 139  600 250 [4.21] 

Library 
with metal 

shelves 

1.500 / 

2.087 
18,4 45011 

200 - 

500 
[4.24] 

Drugstore 

small amounts 

of flammable 

liquids 

760 / --- 

1000 / --- 

28 - 32 200 300 [4.8] 

[4.11] 

Restaurant 

light 

upholstered 

seats, wooden 

tables 

600 - 700 18 - 25 200 - 300 280 [4.27] 

                                                           
11 values were corrected or supplemented, as the information given in DIN EN 1991-1-2 does 

not correspond to the measurements from fire tests; see [4.24] 
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Material or 

 use 

Notes / 

Conditions 

Fire load 

 [MJ/m²] 

Calorific 

value8 

 

[MJ/kg] 

9Fire  

developm

ent time tα 

[s] 

q
 = 

f(A)10 

[kW/m²] 

Source 

Restaurant 

Upholstered 

chairs, wooden 

tables, seating 

groups, textiles 

for living areas 

1.100 / --- 17 - 20 200 
330 - 

620 
[4.8] 

Cloakroom approx. 12 m² 720 / --- 21 180 - 250 430 [4.8] 

little kiosk approx. 15 m² 650 / --- 22,5 200 - 300 285 [4.8] 

Sales booth 2 x 2 m --- / --- 19,5 300 400 [4.25] 

 

Explanation: 

Fire load: First number corresponds to the mean value; second number corresponds to the 90 

% quantile (in the EC data [4.21] according to a Gumbel distribution). 

Fire development: Control variable t according to DIN EN 1991-1-2, Annex E.4 These values, 

if not given in the literature, were determined using the curve for the heat release rate according 

to [4.8]. 

Sprinkler protection: Since the data on the heat release rate under sprinkler protection is very 

scattered and the associated boundary conditions are not explained in detail in the literature, 

the fire performance under sprinkler protection should be determined according to Chapter 

7.3.3. 
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Table A4.2 Information on fire development for selected types of storage taking into 

account the storage height (from tests on a scale of 1:1 according to the sources given) 

Goods 
Type of storage 

arrangement 

Storage 

height [m] 
Fire growth 

Max. specific heat 

release rate [kW/m²] 

Wooden pallets 

(dimensions: 1.2 x 1.2 x 

0.14 m; degree of 

humidity: 6.0 - 12.0 %) 

[4.37] 

stacked /  

block storage 
0,5 

moderate - 

fast 
1.249 

Wooden pallets 

(dimensions: 1.2 x 1.2 x 

0.14 m; degree of 

humidity: 6.0 - 12.0 %) 

[4.37] 

stacked /  

block storage 
1,5 fast 3.746 

Wooden pallets 

(dimensions: 1.2 x 1.2 x 

0.14 m; degree of 

humidity: 6.0 - 12.0 %) 

[4.37] 

stacked /  

block storage 
3,0 fast 6.810 

Wooden pallets 

(dimensions: 1.2 x 1.2 x 

0.14 m; degree of 

humidity: 6.0 - 12.0 %) 

[4.37] 

stacked /  

block storage 
4,9 fast 10.215 

Wooden pallets (degree 

of humidity: 6.0 - 12.0 %) 

[4.38] 

stacked 0,46  1.420 * 

Wooden pallets (degree 

of humidity: 6.0 - 12.0 %) 

[4.38] 

stacked 1,52  4.000 * 

Wooden pallets (degree 

of humidity: 6.0 - 12.0 %) 

[4.38] 

stacked 3,05  6.800 * 

Wooden pallets (degree 

of humidity: 6.0 - 12.0 %) 

[4.38] 

stacked 4,88  10.200 * 

Filled mail bags [4.38] stored 1,52  400 * 

Cartons (compartmented) 

[4.38] 
stacked 4,5  1.700 * 

PE letter trays filled [4.38] 
stacked on a 

cart 
1,5  8.500 * 
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Goods 
Type of storage 

arrangement 

Storage 

height [m] 
Fire growth 

Max. specific heat 

release rate [kW/m²] 

PE waste drums in 

cardboard boxes [4.38] 
stacked 4,5  2.000 * 

PE-fibreglass shower 

partitions in cardboard 

boxes [4.38] 

stacked 4,6  1.400 * 

FRP bottles packed in 

cardboard boxes [4.38] 
stacked 4,6  

3.400 /6 

.200 * 

PE bottles in cardboard 

boxes [4.38] 
stacked 4,5  2.000 * 

PU rigid foam insulation 

panels [4.38] 
stacked 4,6  1.900 * 

PU rigid foam Insulation 

plates [4.1] 

stacked /block 

storage 
4,6 very rapidly 1.929,5 

FRP vessels packed in 

cardboard boxes [4.38] 
stacked 4,6  14.200 * 

PS tubes nested inside 

each other in cardboard 

boxes [4.38] 

stacked  
4,2  5.400 * 

PS toy parts in cartons 

[4.38] 

stacked  
4,5  2.000 * 

PS rigid foam insulation 

panels [4.38] 

stacked  
4,2  3.300 * 

FRP tubes packed in 

cardboard boxes [4.38] 

stacked  
4,6  4.400 * 

PP and PE film rolls 

[4.38] 

stacked  
4,1  6.200 * 

PE bottles in divided 

cartons [4.37] 
Shelves 4,6 very fast 6.242,5 

PE bottles in divided 

cartons [4.37] 

stacked / block 

storage 
4,6 very fast 1.929,5 

PS cups in divided 

cartons [4.37] 

stacked /block 

storage 
4,6 very fast 13.620,0 

PS rigid foam insulation 

plates [4.37] 

stacked /block 

storage 
4,3 very fast 3.291,5 
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Goods 
Type of storage 

arrangement 

Storage 

height [m] 
Fire growth 

Max. specific heat 

release rate [kW/m²] 

PVC bottles in divided 

cartons [4.37] 

stacked /block 

storage 
4,6 very fast 3.405,0 

PP buckets in divided 

cartons [4.37] 

stacked /block 

storage 
4,6 very fast 4.426,5 

PP or PE film rolls [4.37] 
stacked/block 

storage 
4,3 very fast 3.972,5 

Methyl alcohol [4.38]    600 * 

Gasoline [4.37]    2.500 * 

Kerosene/petroleum 

[4.37] 
   1.700 * 

Heavy fuel oil, No. 2 

[4.37] 
   1.700 * 

PE: polyethylene, PU: polyurethane; PS: polystyrene; PP: polypropylene;  

PET: polyethylene terephthalate; HDPE: high-density polyethylene;  

FRP/GFK: glass fibre reinforced polyester 

Note: The fire development grows with increasing storage height 

* Heat release rate per m2 of floor area of the entire combustible material involved; based on 

negligible radiative feedback from the environment and 100% combustion efficiency.  
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Table A4.3 Heat release rate of stored goods at different storage heights 

Product 
Storage type/storage height 

 [m] 

Heat release rate 

 [kW] 

Wood or PMMA [4.38] 

vertical / 0,61 m 100 per m width 

vertical / 1,83 m 240 per m width 

vertical / 2,44 m 620 per m width 

vertical / 3,66 m 1,000 per m width 

upper side of horizontal 

surface 
720 per m² surface area 

Polystyrene (solid) [4.38] 

vertical / 0,61 m 220 per m width 

vertical / 1,83 m 450 per m width 

vertical / 2,44 m 1.400 per m width 

vertical / 3,66 m 2,400 per m width 

horizontal 1,400 per m² of floor space 

Polypropylene (solid) 

[4.38] 

vertical / 0,61 m 220 per m width 

vertical / 1,83 m 350 per m width 

vertical / 2,44 m 970 per m width 

vertical / 3,66 m 1.600 per m width 

horizontal 800 per m² Surface area 
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Table A4.4 Information on fire objects with low heat release (low-energy fires) 

Object 
Heat release rate 

[kW] 

time interval 

[s] 
Source 

Copy machines 600 - 800 2.500 - 2.800 [4.25] 

Recycle Bin 30 - 45 180 - 450 [4.8] 

PC screen 45 900 - 1.500 [4.8] 

Travel bag 55 - 100 150 - 300 [4.8] 

Desk chair12 65 200 - 450 [4.8] 

PUR soft foam mattress 

German-made 
190 60 - 850 [4.8] 

Spring mattress U.S.-made 700 220 - 350 [4.25] 

 

                                                           
12 partly burning with very strong smoke development  
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Table A4.5 Quality of descriptions of the design fires (exemplary) 

Realistic 

reference 
Available information Method Instructions for use 

very high 

Room configuration, 

flammable substances in 

the bearing arrangement 

to be assessed, 

ventilation conditions, 

ignition source 

object-specific, 

reproducible fire tests 

with risk-appropriate 

test set-up and usable 

measurement results 

directly usable 

numerical data is 

available 

high 

Material data of the fire 

loads in the bearing 

arrangement to be 

evaluated 

Arrangement of the fire 

loads in the room 

Calculation of the 

temporal heat release 

can be used in the 

context of parameter 

studies 

medium 

Assumptions on fire 

development for the 

category 

Calculation of the 

temporal heat release 

can be used in the 

context of parameter 

studies, under more 

stringent calculation 

assumptions or safety 

considerations 

low 

Flat-rate information on 

the type of use of the 

room with typical fire 

loads 

Calculation of the 

temporal heat release 

can be used in the 

context of parameter 

studies, use estimated 

values that are on the 

safe side 
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Table A4.6 Examples from the literature for fire development and heat release for different 

partial uses based on fire tests 

Use 
Speed of fire 

development 

max. achieved 

combustion 

capacity  

[MW] 

PC workstation; solid furniture (chipboard); 

free combustion [4.40] 
slow 1,8 

PC workstation; solid furniture (chipboard); 

test in a room with ISO 9705 dimensions 

[4.40] 

slow 2,5 

PC workstation in an open-plan office; 

 solid furniture (chipboard) and flammable 

 screens divided [4.28], [4.41] 

fast 6,8 

Office; paper - documentation on metal 

shelves; 

 free burning [4.40] 

up to 200 s - medium 

and after 200 s - fast 
1,6 

Office unit; solid furniture (chipboard); test in 

a room with ISO 9705 dimensions [4.40] 
slow 2,25 

Miscellaneous office equipment (workplace 

equipment); free incineration [4.28] 
slow on average - 

Mobile metal shelves with archive 

documents [4.42] 
fast - 

Car in a public parking garage [4.46] slow 2,0 to 5,5 

Chemical laboratory [4.24] very fast 2,0 

Various exhibitions [4.37] slow - 

Normal bed in a Swedish hospital [4.44] slow 0,3 
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Table A4.7 Information on fire loads for different uses 

Use 
Average fire load 

q (MJ/m²) 
Source Note 

Storage room for office 

and commercial buildings 
500 [4.45]  

Car paint shop 500 [4.45]  

Car repair workshop 300 

[4.45] [4.45] Table 10-2, 

90% fractile value:  

338 MJ/m² 

Building materials 

warehouse 
27013 

[4.45] Specification in 

[4.32]:  

800 MJ/m³ 

[4.45] Table 10-2, 

90% fractile value:  

266 MJ/m² 

Data processing, computer 

centre 
400 

[4.45] 
 

laboratory, chemistry 500 [4.45]  

Kindergarten/nursery 

school 
300 

[4.45] 
 

Furniture factory 550 [4.45]  

Apartment basement 900 [4.45]  

 

  

                                                           
13 The value refers to an assumed storage room height of 3 m 
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Table A4.8 Information on mass burning rate 

Examples of mass burnup velocity vab 
vab 

 [kg/m² min] 

Calorific value Hi 

[kJ/kg] 
Source 

Office space with upholstered furniture 

or large appliances as well as living 

 rooms and bedrooms 

Fire propagation phase 

Full fire phase 

 

 

0,32 - 0,53 

0,87 

19020 

Room sizes up to 

40 m² 

 

[4.8] 

Office space, simply furnished 

Fire propagation phase 

Full fire phase 

 

0,25 - 0,40 

0,80 

17300 

Room sizes up to 

40 m² 

[4.8] 

Hospital room 

Fire propagation phase 

Full fire 

 

0,21 - 0,38 

0,52 

 

[4.8] 
18860 

Salesroom 

Fire propagation phase 

Full fire 

 

0,31 - 0,84 

1,02 

 

[4.8] 
22000 

Corrugated cardboard boxes, folded 

and  

stored with flammable contents 

0,38 - 0,5 15120 [4.47] 

1,9 – 2,1 15120 [4.48] 

Books on wooden shelves 0,33 17300 [4.12] 

Furniture in rooms in full fire  1,2 31300 [4.49] 

Stack of tyres on full fire 3,4 31300 [4.49] 

Rubber products 85% value 0,7 31300 [4.50][4.48] 

Rubber as profiles and sealing strips 1,24 39200 [4.8] 

Foam mattresses 0,62 19100 [4.8] 

Polystyrene parts, hard 0,68 39600 [4.51] 

Polystyrene foam in stacks, small 

quantities  

Fully developed fire, stacks >10 m³ 

0,4 – 0,7 

1,9 – 2,4 
39600 [4.48][4.8] 

 

The values for the fire propagation and mass burning velocity apply to room fires only until 

the flashover enters the room and to local fires until they burn on the given area for storage 

goods with a maximum height of 1.5 m or furniture up to 1.8 m high.  
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Table A4.9 Normative information on the calculated fire propagation rate 

"classified", normalized fire 

propagation velocity 

vaus 

 [m / min] 
Source 

slow fire development  

DIN 18232 
0,15 

DIN 18232 Part 2 and 5 
average fire development 

DIN 18232 
0,25 

fast fire development 

DIN 18232 
0,45 

DIN 18230-1 1,0 [4.5] 

DIN EN 1991-1-2, Annex E  

slow fire development 
0,2 - 0,3 

[4.5][4.52] 
DIN EN 1991-1-2, Annex E  

Average fire development 
0,35 - 0,48 

DIN EN 1991-1-2, Annex E  

Rapid fire development 
0,7 - 1,2 

DIN EN 1991-1-2, Annex E  

very rapid fire development 
1,8 - 3,0 [4.5] 

DIN EN 1991-1-2, Annex E  

Flashover 
4,8 - 7,2 [4.5] 
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5 MODELS FOR FIRE SIMULATION 

5.1 General information 

 Overview 

Chapter 5, "Models for fire simulation", is made up of six sub-chapters.  

Chapter 5.1 defines the main objectives of fire modelling.  

Based on this, Chapter 5.2 presents the fundamentals of fire modelling and describes the dif-

ferent types of models.  

Chapter 5.3 describes the mathematical models in more detail and refers to further literature. 

Chapter 5.4 addresses with the validation and verification of mathematical models and 

indicates the basis of the difference between computational and experimental results and how 

evaluation of a model can be carried out in practice. 

Chapter 5.5 describes the application of models, including documentation requirements. 

Finally, Chapter 5.6 discusses the influence of selected numerical and physical boundary 

conditions on the fire models' computational results. 

 Objective of the fire modelling 

The use of fire simulation models has achieved a high priority in the context of fire protection 

engineering. They are used in particular for the design of fire protection requirements, espe-

cially in the following general objectives: 

 Calculation of local and global temperatures to assess the behaviour of structural 

elements, building materials and the risk to people. 

 Description of smoke spread and design of smoke extraction measures. 

For the verification of these fire protection issues, the models should cover a variety of different 

phenomena and describe the following details of fire processes: 

 combustion processes, 

 heat release rate and fire propagation across combustible objects, 

 heat transport by convection, radiation and conduction, 

 smoke gas volume and composition, 

 development of smoke gas layers, 

 soot concentration or visibility within smoke gases, 

 smoke spread to other areas and 

 temperature development at relevant points. 

From this list, it is clear that fire modelling is based on the fundamental laws of chemistry and 

physics (including thermodynamics. Beyond the practical applications (e.g. structural building 

design and smoke designing extraction measures), fire simulation models can also be used to 

study the interaction of various processes. An example of this is the consequence of changes 

in temperature or ventilation boundary conditions on the development of a fire. 
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In practice, this results in very different problems for which different models are available. 

These models differ in their structure, the degree of simplifications or assumptions and, within 

similarly structured models, they also differ in their program codes. This chapter aims to de-

scribe the key principles, classify the models according to their structure, and provide instruc-

tions for their application. 

5.2 Fundamentals of fire modelling 

 General information 

A model in a scientific sense is generally understood as an object representing an original 

(physical model) to solve tasks that cannot be carried out on the original itself or are too ex-

pensive. For the issues discussed here, these are the physical or mathematical reproduction 

of reality employing mathematical equations or replicas on a reduced scale. The models 

provide these purposes, 

 to obtain new information about the original, 

 to uncover or explain relations,  

 to indicate characteristics of the original that are not accessible or measurable on 

it, 

 to optimize the original, 

 to verify hypotheses, 

 to verify the use of subsystems, and 

 to provide the bases for planning. 

Fire phenomena can also be represented with the help of physical or mathematical models. 

The models generated based on existing laws of nature, in which specific assumptions, ap-

proximations or simplifications are involved. 

In the following, the basics of fire will be explained. Based on that, fundamental specifications 

and model assumptions of the fire simulation models are described. The basic properties of 

mathematical and physical models are presented in Chapters 5.2.4 and 5.2.5. 

 Fundamentals of fire 

To understand fire models, the description of the essential physical processes in fire phenom-

ena is a fundamental step. Therefore, a short overview of the phenomena is given below. 

The primary prerequisite for fire development can be shown through the fire square (Figure 

5.1). Combustible material and oxygen in the correct mixing ratio and initial energy lead to a 

self-sustaining chemical chain reaction to maintain the combustion reaction between the com-

bustible material and oxygen. Combustion generally takes place in a mixture of gaseous sub-

stances.  
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Figure 5.1:  Fire square 

In combustion reactions, as they are considered in fire protection engineering, the fuel is not 

in gaseous form at the beginning of the combustion reaction. To achieve the necessary mixing 

ratio between oxygen and combustible material, liquid and solid substances must first be con-

verted into gaseous fuels. 

In the case of liquid substances, this is done by evaporation. Evaporation is an endothermic 

reaction, i.e. additional energy is required to convert liquids into a gaseous state. This energy 

is called the latent heat of evaporation and is a physical material property. The evaporation 

process depends not only on the temperature but also on the partial vapour pressure and can 

be described by the Clausius-Clapeyron law: 

   v
v

L
C(p )

RT
ln   (5.1) 

with: 

 pV = partial vapour pressure 

 LV = temperature independent evaporation enthalpy [J/kg] 

 R = general gas constant [J/(kg∙K)] 

 T = Temperature [K] 

 C = material-dependent constant 

In addition to evaporation, where the phase change does not accompany any chemical chang-

es in the initial materials, materials can also decompose to other substances under thermal 

influence. During these decomposition processes, known as pyrolysis, gaseous substances 

can be released in addition to liquid and solid ones. In fire protection engineering, pyrolysis of 

solid materials (e.g. wood) is of particular importance.  

The pyrolysis of solids corresponds in most cases to an endothermic process that can be con-

trolled by several chemical reactions. This approach can be described by the Arrhenius law, in 

which the temperature dependence of the relative decomposition rate of a substance is de-

scribed by a simple relationship: 

   
      

E/ R Tm n

s O Sm A Y Y e   (5.2) 

with 

𝑅 =  universal gas constant [J/(mol 𝐾)],  =  8,314 J/(mol 𝐾) 
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𝑇 =  surface temperature of substance [𝐾] 

𝐸 =  activation energy [J/mol] 

𝐴 =  pre-exponential factor [m/s] 

𝜌𝑠 =   density of substance [kg/m³] 

YO and YS represent the mass fractions of oxygen and fuel involved in decomposition, and m 

and n are constants. For some substances, there is a dependence of the decomposition on 

the oxygen concentration; for some, there is not. In these cases, m = 0. From a thermal point 

of view, the decomposition of a (heterogeneous) substance often takes place within several 

temperature bands (decomposition stages) so that the equation (5.2) may be run through 

several times and in parallel depending on the composition of the substance. For the respective 

characteristic decomposition temperatures, corresponding activation energies E and pre-

exponential factors A must then be known. Methods for deriving these quantities exist, for ex-

ample, based on thermogravimetric analysis (DIN 51006). 

A fire will generally not extinguish as long as sufficient fuel and atmospheric oxygen are avail-

able and adequate energy is returned to the fuel surface to produce further gaseous fuel. Be-

sides, if there is still unused fuel with sufficient oxygen supply, the fire will continue to grow 

until it is limited by the fire load arrangement or external intervention. 

Flame and plume formation is linked to the combustion process. The plume (smoke gas 

column) is formed by the rising hot gases with the solid and liquid components that accompany 

it, and the mass flow increases as it mixes in ambient air. This admixture results from an 

impulse transfer in the transverse direction, which carries ambient air to the edge of the flow 

in the so-called boundary layer. It is based on the viscosity of the medium (gas). Due to the 

turbulent flow and diffusion, the ambient air mixes with the flame's fuel gases. This enables 

combustion, which releases the heat energy. The gases absorb a large proportion of the 

generated heat within the combustion zones. Thereby the temperature of the gases and the 

particles they contain will increase. This leads to the already described buoyancy of the gases 

and particles and their mixture. Since the rising flow continues above the flame (plume), the 

plume mass flow is constantly increased by the admixture of ambient air. Since combustion no 

longer takes place above the flame, the plume's temperature decreases with height when the 

ambient temperatures prevail over the plume. This is a consequence of energy conservation. 

If the buoyancy is sufficiently high, the hot gases rise in a vertical direction until they hit the 

ceiling. This is only prevented if the buoyancy is very weak concerning the temperature gradi-

ents or air flows. However, with increasing fire performance, a plume flow usually forms up to 

the ceiling. At this point, the smoke gases can only spread in a horizontal direction. This flow's 

driving force, known as the ceiling jet, is still buoyancy (density difference to the ambient air). 

As this flow is also turbulent, vortices are produced, which have a vertical component in addi-

tion to the horizontal component. With sufficient density difference and undisturbed dispersion, 

a smoke gas layer forms below the ceiling. This smoke gas layer continues to grow as long as 

the fire does not extinguish or smoke is removed. This smoke-layer releases convective and 

radiative heat to the ceilings, walls and other objects. When the smoke gases reach an open-

ing, the outflowing smoke gases transfer heat to the outside of the room. 

As the temperature rises, the thermal radiation increases, which not only affects the enclosure 

surrounded by the smoke gas layer but also all objects below the smoke gas layer. This ther-

mal radiation not only has a significant effect on the burning rate of the objects but can also 

ignite other combustible objects (flashover). Therefore, the heat radiation also directly impacts 
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the spread of fire on the relevant objects. On the other hand, the smoke layer also receives 

heat radiation from the flame, just like the surrounding components. This energy balance de-

termines the temperature of the smoke gases. 

The smoke gas volume grows until new openings are created or they reach an opening. The 

pressure increases and the smoke gas volume forms a smoke layer under the ceiling. Over-

pressures are obtained in the upper part of the room and under pressure in the room's lower 

part. It is separated by a level where the internal pressure is equal to the external pressure. 

This so-called neutral plane is an idealization because it is not necessarily exactly flat. The 

neutral plane does not match with the smoke layer height necessarily. Below this neutral plane, 

fresh ambient air flows in through the opening, which is required for combustion. If this inflow 

is not sufficient for combustion, it is known as ventilation-controlled combustion, in which the 

composition of the burned materials changes. Depending on the openings' position and ar-

rangement, the incoming supply air can influence the smoke gas flow in the same way as the 

plume. 

 Model assumptions and simplifications  

Basic specifications must be made for all models. In addition to the initial conditions (tempera-

ture, pressure, etc.) and the boundary conditions such as heat sources (fire, supply air, heat-

ing, etc.) and sinks (smoke and heat exhaust, cooling, etc.), these include the building geome-

try, walls, opening areas and the material data of the boundaries and their representation in 

the model. Since complex geometries cannot always be represented entirely identically to the 

original, the geometry's essential elements must be assessed and recorded by the user. For 

this work step, it is necessary to know the respective model's physical basics to decide on the 

essential features. 

The models can differ considerably concerning the scope of the input data. In the zone model, 

attention must be on the reasonable simplification of the complex geometries and the open-

ings' position. In contrast, the other models may require a more significant amount of prelimi-

nary considerations. In the Computational Fluid Dynamics (CFD) models, for example, specific 

definitions of mathematical boundary conditions regarding speed, pressure and thermal 

boundary conditions are the matter. In the case of the physical models, the focus is on the 

most realistic as possible replication. However, the difficulty here is to conduct similarity be-

tween model and original. 

The most important input is the fire development and related material data. Concerning the fire 

development, modelling of the evaporation and pyrolysis processes, which are based on 

fundamental material properties, is limited to a narrow scope of application. The modelling of 

these processes currently plays a role in science and is of limited application for general 

predictions. Practical application also faces the problem that knowledge about the composition 

and arrangement of substances at a specific point in time is usually not available. Therefore, 

a different approach to the problem has been adopted by assuming specific fire patterns based 

on experiments or using phenomenological approaches (see Chapter 4 "Fire scenarios"), 

which cover particular areas of application. Based on the existing application, typical fire loads 

are assumed. A quantity of combustible material (burn rate or heat release rate) converted into 

thermal energy per unit of time is as-signed. Thus, it is not the fire phenomenon that is 

calculated but the consequences of the pre-defined amount of energy and mass introduced 

into the calculation area. 
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Investigating the spread of a fire over several objects is required more detailed information, 

which, for example, influences the heat transfer or ignition. 

For modelling of the combustion, if it should be considered in the individual model, one is faced 

with the problem in practical application that the combustion reactions taking place in the real 

fire case are not known in advance. In the case of mixed fire loads, which are typical for fire 

protection engineering problems, several hundreds of reactions can occur simultaneously and 

cannot be calculated meaningfully. Instead, a reaction is calculated as a proxy and experimen-

tally determined values for the released soot and carbon monoxide (CO) are taken into ac-

count. 

For the fire development, it must be determined if sufficient oxygen is available for complete 

combustion of the material. If sufficient oxygen is available, depending on the combustible ma-

terial's properties, combustion is more or less complete and the fire is controlled by the amount 

of availabe combustible material, so called fuel-controlled fire. If there is a lack of oxygen, on 

the other hand, a ventilation-controlled fire occurs. This leads to incomplete combustion, in 

which, among other things, large quantities of CO and gaseous, unburned carbon hydroxides 

enter the smoke gases. Soot and ashes are also produced, depending on the type of combus-

tible material. The further material data regarding the formation of combustion products de-

pends on the ventilation. All related input data, such as the soot yields, carbon monoxide, car-

bon dioxide, combustion efficiency, calorific value and radiation fraction, must be changed or 

conservatively selected depending on the boundary conditions. 

In addition to these frequently used model assumptions and simplifications, there are further 

model assumptions and simplifications, depending on the selected model, which influences 

the calculation result. In determining models and sub-models, it is essential to check the 

influence of model parameters on the calculation result. It should be represented by a widely 

used model assumption from the CFD models.  

To reduce the calculation effort, the assumption can be made for fires that their flow velocities 

are significantly lower than the speed of sound ("low Mach number assumption"). This assump-

tion is proven in the case of fire, but the calculation of fast combustion processes (deflagrations 

or detonations) is not possible. 

 Mathematical models 

Mathematical models consist of a system of equations, which describe the occurring phenom-

ena using the relevant parameters. The systems of equations are the mathematical form of the 

laws of nature. In most cases, these equations' structure is already so complex that they can 

only be solved numerically.  

Mathematical fire models can be further divided into deterministic and probabilistic models. 

Deterministic models describe the fire growth and the fire development for a particular initial 

situation, specified by the user in the form of boundary and initial conditions, which determine 

the system's temporal development under consideration. They consist of a set of mathematical 

algorithms which describe the physical laws and related dependencies. The deterministic 

models can vary widely in their complexity. 

The probabilistic models describe fires as a series of events and simulate fire growth on the 

basis of probabilities that certain events will occur and transition probabilities between certain 

conditions. However, the difficulty with this type of model comes when determining the appro-
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priate probabilities from statistical evaluations or reliability analyses of observations or test re-

sults. They are not relevant to the aims laid out above and are therefore not addressed below.  

Three groups of mathematical deterministic fire simulation models can be distinguished: 

 Empirically proven approaches, 

 Zone models, and 

 CFD models. 

The empirical approaches are methods that are obtained based on experiments concerning a 

specific problem. Examples are the description of flame heights, heat radiation and smoke gas 

flows as a function of fire intensity, the geometrical conditions and the initial and boundary 

conditions. The empirical model approaches are for special problems, which are themselves 

part of more complex calculation methods. 

Zone and CFD models differ in that the CFD models are generally based on fundamental 

equations. In contrast, the zone models contain simplified systems of equations developed 

from the fundamental laws with empirical approaches' aid. This results in a different mathemat-

ical structure and, consequently, other solution methods. These differences are also responsi-

ble for applying specific problems and the level of detail of the respective models. 

 Experimental models 

The experimental model describes a real situation, taking into account scaling and similarity 

laws (e.g. reproduction on a reduced scale). A well-known example from the research field of 

fluid mechanics is wind tunnel experiments where the Reynolds number is used as a scaling 

law. In fire research, however, a whole series of similarity laws must be observed. It means 

that the model is only consistent for a certain partial aspect, and other aspects are only approx-

imately fulfilled. 

The "hot smoke tests" carried out with increasing numbers can also be classified as an exper-

imental model. Although real geometries are taken into account, the heat released is scaled-

down compared to an actual fire event. As a result, during the evaluation of such tests, the 

similarity laws must be observed, and the test result cannot be directly transferred to a design 

situation. 

In Annex A5.2, the "Experimental Models" are examined in more detail. 

5.3 Description of the mathematical models 

 General Information 

Mathematical models describe the processes taking place in the event of fire using mathemati-

cal equations. Every form of modelling of fire processes is based on the fundamental laws 

which result from the conservation laws for mass, momentum and energy. However, these 

equations are so complicated for the problems arising in fire processes that a solution employ-

ing simple mathematical operations is impossible. Three approaches are available for the solu-

tion, namely 

 numerical solution of the fundamental equations, 

 simplification of the equations and 
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 derivation of equations from observations of fire tests in simplified form. 

The first approach leads to the CFD models and the second approach to the zone models, in 

which the conservation of momentum in the general form is no longer considered. 

 Empirical correlation 

Simple empirical equations (correlations derived from experiments) as a tool for modern fire 

protection engineering generated by the result of a large number of detailed investigations on 

the fire events, which aim to describe the processes as quantitative as possible. The descrip-

tions as simplified approaches are derived from the fundamental equations by experimentally 

determined indefinite constants and parameters. These approaches can be used to calculate 

the plume mass flow at a certain level or to determine the plume temperature. The summary 

of these simple equations often allows a sufficient understanding of the processes without 

solving a complex system of equations, e.g. the manual calculations for smoke extraction, 

according to Yamana and Tanaka [5.1] or more advanced calculation methods proposed by 

the Fire Research Station [5.2]. Besides, they provide useful basics and complementaries for 

zone modelling. As mentioned in the beginning, many such results exist with updated 

complementaries, but their presentation is not the aim of this chapter. The simple analytical 

approaches presented in Appendix A5.1 are those which are of particular importance in 

practical applications. They essentially deal with the conditions arising above a fire source 

concerning combustion, smoke gas production and temperature development which are part 

of the theoretical and experimental considerations on forming the plume forms above a fire 

surface or fire source. This plume is formed due to the heat released during the combustion 

process. This leads to an up-ward convection flow via a local temperature increase after 

exceeding a specific minimum value. In addition to the combustion zone (flame area), it also 

includes the part of the upward flow above it. The relationships described are the subject of 

many articles and are, for example, summarized in [5.3], [5.4], [5.5] The processes prevailing 

in this flow path determine the smoke gas production and temperature development. These 

submodels for describing fire effects, which are important for the application, are the subject 

of the explanations summarized in Appendix A5.1. During the application of these approaches, 

their range of validity and the error limits should be taken into account. 

 Post-flashover model 

 General information 

The one-zone model, which is better known as the full fire model or post-flashover model in 

the English literature, was the beginning of theoretical fire research. The fundamental 

prerequisite for applying a one-zone or full-fire model is a temperature within the fire zone that 

is as uniform as possible. This approximately fulfils the full fire (post-flashover) phase.  

According to practical experience in fully developed fires in small rooms, it is assumed that the 

room is evenly filled with hot gases: the entire room is considered as one zone (control vol-

ume) in which homogeneous conditions (e.g. temperature, gas composition) prevail. The main 

assumptions can be summarized as follows: 

 Combustion gases and the flames in the fire zone are well mixed so that an 

uniform temperature is achieved. 

 Emissivity of the smoke gases and the flames is equal and constant during the 

course of the fire. 
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 Inner walls are grey bodies with constant emissivity. 

 In addition to radiative heat exchange between gas and wall, there is also a 

convective exchange. 

 The outside of the enclosure is cooled by convective heat exchange. 

The physical variables necessary for the mathematical description are summarized below; in-

stead of the internal energy, the enthalpy can also be used as a characterising variable: 

  T   Temperature of the gas mixture (smoke gases) in the smoke, 

  m Mass of the smoke gas inside the room, 

  V  Volume of the room (constant), 

  E  Internal energy of the smoke gas in the room, 

      The density of the gas mixture, 

  cV  Heat capacity at constant volume 

  R  General gas constant, 

  p  Pressure in the room and 

  Zn Position of the neutral plane. 

Besides, the mass exchange between the room and the environment is considered. As the 

position of the neutral plane is defined by equal pressure between inside and outside, air can 

enter below this plane (min) and exit above (mout) it. This mass exchange is also associated 

with an energy exchange (Qc), which is increased by¬ additional energy losses due to radiation 

(QR). The physical quantities describing the system are summarized in the middle of Figure 

1.2 and are considered constant over the entire room. They can be supplemented by additional 

variables such as oxygen concentration. The law of conservation of energy and the law of 

conservation of mass are available for the calculation of the¬ mentioned physical quantities, 

which are completed by the following relations between the variables: 

  
m

V
 Density, (5.3) 

  VE c m T Internal energy at constant volume, (5.4) 

   p R T  Equation of ideal gases law (5.5) 

The temperature and the mass of the gas mixture are calculated step by step from the above 

conservation equations. Additional equations is necessary to describe the energy loss to the 

walls (convective and radiative) and the exchange of mass and energy with the environment. 

This additional equations¬ are called submodels. These submodels also result from simplified 

considerations and are valid independent of the general model assumptions; they are partly 

empirically based. Typical submodels for post-flashover models include: 

 description of the energy released during a fire 

 mass exchange with the environment 

 energy dissipation on the surrounding walls 
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Although the pressure is assumed to be approximately constant, small pressure differences 

over the room are responsible for the exchange of masses between the room and its surround-

ings. This mass exchange is calculated based on the Bernoulli equation. 

To calculate the energy loss over the room's surface, the heat flux density must be calculated 

as a summation (convective and radiative). Here a balance of all zones that absorb or release 

heat is created. The description of heat transport through the wall is done by solving the one-

dimensional heat conduction equation. The heat loss through the openings is taken into ac-

count via the outgoing mass flows (convective) and via the radiation with considering the 

opening area. 

To have a deeper understanding of the calculation methods in fire protection, it is useful to 

become familiar with the basics of the thermodynamic calculations for simple geometries. The 

single-room model presented here is in a way the original cell of the multi-zone or multi-room 

models. In the following, the energy balance and the mass balance for a post-flashover fire in 

a room are established and described. It is assumed that the room with an opening is 

connected to the environment and that the room temperature is homogeneous. 

 Energy balance and mass balance equation 

As mentioned above, the general concept is to determine the gas temperature from the energy 

balance. Figure 5.2 illustrates this energy balance. 

The inner enclosing area is defined as Aj, and the window area is Aw. It is assumed that the 

heat losses in the wall and ceiling can be described by the one-dimensional transient heat 

conduction equation. 

For the energy balance, these assumptions are based on the first law of thermodynamics: 

       c l o w g sh h h h h h 0   (5.6) 

The following energy terms are included: 

ch  energy released per unit time due to combustion and fireside effects in the fire 

compartment 

lh  outflowing energy of the gases (convection energy) per unit time due to the gas 

exchange (convection through openings) 

  oh  energy extracted by the window radiation per unit time 

wh  energy transferred to the enclosure components (wall, ceilings) per unit time by 

convection and radiation 

gh  energy of the gases stored in the enclosure per unit time, which determines the 

fire temperature 

  sh  other energy components loss per unit time (e.g. energy stored by components) 

The equation of the mass balance in the fire compartment is given by 

    g lm m R 0   (5.7) 
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This includes the temporal changes of the following mass fractions: 

  
gm  mass of gas flow out of the enclosure per unit time 

  
lm  mass of air flow into the enclosure per unit time 

  R  mass of fuel per unit time, causing heat release 

  

Figure 5.2 Geometry, heat and mass flow of the heat balance model [5.37] 

It should be noted that this model does not cover the case of combustion outside the room 

(flame spread from the opening), nor does it determine the flame temperature itself. 

Each of the quantities mentioned above in the energy balance must be calculated by suitable 

sub-models. This can be a single equation or a set of equations. From this brief characteriza-

tion, it is already clear that the post-flashover fire models exclude all elements of the fire devel-

opment phase. Therefore, they are only suitable for tasks which concern the complete fire 

phase. Caution is required in extrapolating the calculation results to large rooms and in fire 

scenarios (e.g. with low fire load), which do not allow uniform heating of the space. 

 Zone models 

With increasing knowledge in fire research, the post-flashover models' limitations were recog-

nized, and the multi-zone models' development was initiated. The zone models' basis is the 

separation between a warmer layer of smoke and an underlying colder layer of air, which is 

smoke-free or low smoke. These conditions are mainly found in fires' pre-flashover phase with 

a limited flame spread compared to the fire zone. As a consequence of this division into zones, 

it is necessary to make an appropriate division of the physical quantities described, i.e., differ-

entiate between the temperature of the smoke gas layer and the air layer. From this, the num-

ber of variables increases significantly. Besides, the exchange of mass becomes more com-

plex, as different flows can now occur. This is a consequence of the fact that the neutral plane's 

position (zn) does not have to coincide with the position of the smoke gas layer (zs). 

Furthermore, the exchange of mass and energy between the layers must be described. This 

makes both of the equations more complex, and submodels are required. 
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At this point, it should be noted that the determined zone is not used uniformly. It refers to the 

areas mentioned above. However, other relevant areas such as walls, ceilings and additional 

flammable objects are often considered as separate zones. 

The applied basic equations consist of the conservation laws for mass and energy, applied to 

the zones, respectively. The theoretical basis can now be formulated as follows. The gas in 

each layer is defined by mass, internal energy, temperature, density and volume. The mass 

flow and the energy flow to both layers are calculated based on the existing submodels. 

The multi-zone modelling is mainly based on the following assumptions (see Figure 5.3): 

 In the fire compartment, two different gas layers are formed, the upper hot smoke 

gas layer (g) and the lower relatively clean and cool air layer (l). 

 The layers are separated by an imaginary horizontal interface (thermal boundary 

lay-er), which in principle acts as a barrier against mass exchange (apart from the 

plume mass flow  and special effects). 

 Each layer has a uniform average temperature. 

 The fluids within the zones are assumed to stay without movement (except 

plume, ceiling jet and ventilation openings), and the pressure is a function of 

height and time. 

 

Figure 5.3:  Geometry, heat and mass flows multi-zone model 

The extensions compared to the full fire model, which appear relatively minor at first glance, 

nevertheless allow a more realistic description of the conditions before the flashover. This in-

cludes the smoke gas stratification, the radiation exchange between different areas in the fire 

development stage, the recirculation of smoke gases into the cooler air layer, etc.. The distinc-

tion of at least two zones leads to a larger number of areas with different temperature and 

emissivity. The radiation exchange calculation between flames, walls, and objects contributes 

significantly to the multi-zone models' higher level of detail. 

The following relationships exist between the variables or thermodynamic quantities: 
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with 

  Vs Volume of the smoke gas layer 

  Vl  Volume of the air layer 

  Ei Internal energy at constant volume 

  p Pressure 

The above conservation equations, together with the relations of the physical variables among 

them, lead to a set of coupled differential equations that are solved numerically. As already 

described, both the number and the required submodels' complexity is greater than the full-fire 

models. 

As with the post-flashover models, the heat release rate can be specified as a time-dependent 

curve. However, the flame or plume is treated in a more differentiated way, since here there is 

a source of radiation, its energy does not flow just to one volume but two layers. Furthermore, 

other compounds, besides oxygen, are described. For example, these are the gaseous com-

ponents released during combustion, such as CO2, CO and HCN or the soot particles respon-

sible for the opacity of the smoke gas. An additional conservation law (species conservation) 

and the specification of experimentally determined yields from different fuels (yields) are nec-

essary to balance these products. This is the simplest version of a combustion model. Some 

zone models can also predict the heat release or the combustion rate depending on the condi-

tions inside the fire zone. However, it is necessary to point out that this is only possible for a 

few pure fuels and elementary fuel geometries. 

An essential submodel is a plume mass flow (see above), which describes how much mass 

and energy (convectively) is added to the smoke gas layer. Several different model approach-

es are described in the literature, but some are modified in the zone models by additional con-

siderations. In general, the approaches used within the models are not entirely identical to the 

original data. 

The pressure curve concerning the room height is necessary to determine the exchange mass 

flows. 

Due to the different layers and the neutral plane's position, the description of the mass ex-

change with the environment is more complicated than in the full fire model. The basis is the 

Bernoulli equation, but case distinctions have to be made concerning the neutral plane's posi-

tion. Depending on its position in relation to the smoke gas layer, the mass flows are assigned. 

In the case of openings in ceilings or floors, the flow behaviour at small pressure differences 

must also be taken into account; for this reason, submodels differ for openings in vertical com-

ponents. 

The energy losses are balanced according to the same principles as in the post-flashover 

model, but the conditions are also more complicated due to the different layers. In addition to 



5  Models for fire simulation 

102 / 464  Guideline engineering methods of fire protection vfdb TR 04-01 (2020-03) 

considering the exchange of radiation between the existing time-dependent layers, the 

different ambient temperatures of the enclosure components located in the respective layers 

must also be considered. Furthermore, the proportion of the flame radiation is considered. 

The one-dimensional heat conduction equation can describe the heat transport through the 

enclosure components. 

The submodels mentioned so far are necessary components of zone models. Moreover, addi-

tional calculations can or must be carried out to determine the local temperatures. 

These include plume temperatures, i.e. the temperature values above the flames and tempera-

ture values in the ceiling jet (see above). These approaches can be used to calculate compo-

nent temperatures or to describe the triggering behaviour of sprinklers. By balancing combus-

tion products, it is possible to calculate average concentration values, which can be used for 

further evaluations (e.g. detection range within the smoke gases, see Chapter 8) Furthermore, 

most models have approaches to defining mechanical ventilation. 

In addition to the aforementioned submodels, there is a range of modelling approaches for the 

description of flow phenomena. Examples of this are flow patterns which contribute to the mix-

ture between the smoke gas layer and the air layer. However, the relationships available to 

date for describing these secondary flows are not fully accepted or not verified with sufficient 

certainty and for this reason they are generally not used.  

Further details of the submodels and their mathematical representation cannot be discussed 

here. For an introduction to the basics of the zone models, please refer to the literature [5.1], 

[5.2], [5.3], [5.4], [5.5], [5.6]. 

According to the introduction of multi-zone models, calculation of the mass and energy ex-

change between several rooms with different ventilation openings is possible, and the de-

mands on the numerical methods also increased. In numerical simulation involving several 

rooms, not only the computing time increases but also there is a possibility that the algorithms 

do not converge. Therefore, numerical methods have been improved in recent years. 

Multi-zone models are internationally recognized as a tool for evaluation of the smoke gas lay-

er under different ventilation conditions and fire development [5.1], [5.2], [5.3], [5.4], [5.5], [5.6], 

[5.8]. This is critical in assessing firefighters' ability to escape and rescue people from the fire 

room and fight the fire. In addition to the average smoke gas temperature, fire products' mass 

fractions can also be estimated. For this purpose, however, the formation rates should be 

known. 

 Multi-room multi-zone models 

The coupling between the individual rooms (segments) is effected by the fact that the outflows 

of mass and energy from the coupled rooms are returned to the balance as inflows to the 

rooms. The connection between the fire-smoke layers and the cold air layers is established via 

mixing flows and thus via the plume's balance. 

A mass and energy balance is available for each layer. The resulting system of equations can 

be solved with suitable numerical methods. The calculation of unknowns starts from an initial 

value (old state) and changes until all equations' requirements are met with a certain accuracy. 

Rooms in the calculation program can be defined as: 

 Fire or smoke sections, 
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 individual structurally designed rooms, and 

 Hall areas or rooms with subdivisions by fixtures or partial partitions. 

 General assessment of zone models 

In principle, new findings can be transferred relatively easy into zone models; the decisive fac-

tor here is how the underlying physics can be introduced into the model equations appropriate-

ly. Although many approaches exist, phenomena such as mixing processes, flames from win-

dows, transient corridor flows or flows in shafts cannot yet be described adequately. This re-

stricts the use of zone models in these specific areas. It depends on the possibility of using 

trend analysis. 

Zone models certainly be used successfully for large rooms such as atriums. However, it can 

be assumed that the application does not make sense up to arbitrarily large rooms, since the 

basic requirement of two stable layers is generally no longer given. As experiments in large 

rooms of up to 3,600 m² show, stable layering can indeed form here, but experiments with 

even more extensive areas are not yet available. For areas of the size as mentioned earlier, 

however, it should be ensured that the distance between the smoke gas boundary and the air 

inlet openings is sufficiently large since the layering stability decreases by the reduction of 

smoke gas temperature. Until more precise boundaries are available, the requirements of DIN 

18232-2 can be used as a guide. 

 CFD models 

CFD models ("Computational Fluid Dynamics") can be used for solving problems from the field 

of fluid dynamics numerically. In a more specific view, a CFD model is a computer program, 

which regarding its physical submodels and the numerical solution algorithm, is capable of 

adequately describing the phenomena of smoke and heat propagation in a fire event. The use 

of CFD models is not necessarily limited to fires in buildings or similar enclosed areas. Prefer-

ably, this method can also simulate outdoor fires or the propagation of fire gases from a build-

ing into the environment. 

This model is based on a fundamental approach, which considers the basics physical laws of 

fluid dynamic and thermodynamics. Thus, the influence of empirical model parameters, deter-

mined by adaptation to experimental data, is kept as small as possible. 

Based on the generally valid physical principles of conservation of mass, energy and momen-

tum, corresponding conservation equations are derived in fluid dynamics. This describes the 

temporal and three-dimensional change of elementary quantities such as pressure, consider-

ing effective parameters such as viscosity and thermal conductivity of the smoke-air mixture. 

In detail, this results in equations for the total density and individual components of the gas 

mixture, the flow velocity, the pressure and the temperature. 

Overviews of computer programs for the simulation of fire zones, including CFD models, with 

detailed information on the physical and mathematical background and with practical applica-

tion examples, can be found, e.g. in [5.5], [5.22], [5.24], [5.25], [5.26], [5.27], [5.28]. 

To calculate the buoyancy-controlled flows, numerically, space and time should be first discre-

tized in the model, and the boundary conditions must be defined. To limit the computational 

effort or make fire introduced flows computable, submodels must also take turbulence effects 
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into account. Furthermore, submodels are needed to take into account the combustion source 

terms. These are in particular: 

 combustion, 

 radiation, 

 smoke production and 

 pyrolysis. 

In the following, the modelling steps and submodels for the application of CFD models are fun-

damentally considered. Further explanations can be found in [5.90] and [5.92]. 

 Spatial and temporal discretization 

Since the local conservation equations cannot be solved analytically in all practical interest 

cases, they are solved numerically. For this purpose, a three-dimensional grid is constructed, 

which covers the desired area. This area usually consists of the building or the fire or smoke 

section to be investigated and, if necessary, areas outside the building in order to adequately 

capture the supply air or hot smoke gases exchange through openings. The computational 

grids typically consist of a hundred thousand up to millions of cells called control volumes. The 

cells' size is variable in most calculation methods so that the mesh can be optimally adapted 

to the geometry conditions and the problem definition. Often rectangular meshes (Cartesian 

co-ordinate system with the horizontal coordinates x and y and the vertical coordinate z) are 

used.  

The structure is determined by the boundary conditions and the introduction of specified areas 

by computational meshes, representing either 3-dimensionally extended objects or areas inac-

cessible to the gas flow. They influence the solution of the conservation equations by the cor-

responding boundary conditions. 

The time variable is also discretized. This means that the system changes are calculated after 

a small time step (typical fractions of seconds). 

Figure 5.4 schematically represents - the buoyant convection flow - of the physical processes 

between the mesh cells, described by the fundamental conservation equations. This model 

approach is therefore suitable for detailed mathematical proofs as well as for determining the 

reason for fire [5.29]. 

  

Figure 5.4 Schematic (two-dimensional) representation of the physical processes taking place 

between the cells of computing grids for exchanging energy, mass and momentum 

The hot gases generated in the fire source area rise upwards under the influence of the buoy-

ancy force, whereby ambient air is mixed in. In this way, the plume is formed without additional 
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assumptions or the introduction of further submodels for the modelling. The plume structure is 

determined by the fire source’s power, structural boundary conditions, and the interactions with 

room or ventilation flows. If the plume reaches the ceiling area, a radial gas flow spreads out 

(ceiling jet). However, if the temperature is insufficient to create a plume reaching the ceiling, 

the model approach can be used with similar functionality. Other effects such as the sinking of 

the cooling gases at the enclosure walls and the formation of air vortices and smoke rolls are 

also consistently obtained by solving the local conservation equations. 

 Boundary Conditions 

In addition to the specification of suitable initial conditions, the conservation equation's solution 

requires the definition of boundary conditions for the variables, either by explicit solvers or by 

applying physical models that are compatible with the local field model approach. 

In the case of solid boundaries (enclosure components, objects or blocked areas of the mesh), 

special attention should be paid to appropriate analysis of the heat transfer. Explicit tempera-

ture boundary conditions can be used under certain conditions. These include the so-called 

adiabatic boundary condition, in which the temperature at the edge corresponds to the adja-

cent inner mesh cells and the isothermal boundary conditions. The temperature at the edge is 

kept at a fixed value. Interpolation can also be performed between these two boundary condi-

tions. However, considerably more meaningful results are obtained if the temperature bounda-

ry condition is based on the heat transfer calculation by convection and radiation by solving 

the associated time-dependent heat conduction equation (Fourier equation). 

The mass flow at solid interfaces is zero. If necessary, appropriate boundary layers should be 

modelled for considering the viscosity. 

Free edge surfaces represent artificial boundaries of the simulation area, where the local pres-

sure and temperature values, flow velocities, substance concentrations, and, if necessary, oth-

er flow dynamic variables are defined. A distinction must be made between free boundary con-

ditions in the true sense and boundary conditions for forced ventilation. In the latter case, either 

the mass flow rates or the volume flow rates are explicitly known as a function of time, and the 

local velocity can be calculated from them. 

Usually, the free boundary conditions describe a closure of the simulation area at some dis-

tance from the structure under investigation, which represents a transition to the other envi-

ronment which is no longer covered by the computational grids. The ambient area related to 

the flow conditions around the structure is directly included in the simulation. Suppose the dis-

tance to the actual fire event is large enough. In that case, the flow velocity at the boundary 

surfaces changes insignificantly so that a gradient of velocity from zero at the free boundary 

surface can be given in a good approximation. Figure 5.5 illustrates this with an example that 

shows the flow processes calculated with a field model in a fire zone with open doors to the 

surroundings. A longitudinal section through the three-dimensional scenario is shown at the 

door's height in the fire zone. 

In general, free boundary conditions can be defined by specifying suitable velocity or pressure 

of boundaries (e.g., considering the influence of wind). The validity range of such specifications 

must always be carefully controlled since boundary conditions can significantly influence the 

simulation results. 
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Figure 1.5 Schematic example of a structural opening within the calculation grids (CFD 

simulation with a field model). A longitudinal section through the three-dimensional 

scenario is shown at the height of the door in the fire zone 

 Turbulence modelling 

With increasing Reynolds number - a dimensionless number characterizing the ratio of inertial 

to viscous forces - flow changes from laminar to turbulent. This turbulent flow is characteristi-

cally unsteady, irregular and generally three-dimensional. A special feature is the occurrence 

of vortices with sizes that can vary over a wide range and the conversion of energy into heat 

by viscous friction. The conservation equations apply equally to both laminar and turbulent 

flow, so in principle, there is no need to use additional turbulence modelling methods. However, 

the size of the representable vortices is limited in practice by the resolution of the computational 

mesh. Various methods (turbulence models) have been developed to consider the effects of 

such vortices that cannot be directly resolved. 

No turbulence model is used for the "Direct Numerical Simulation" (DNS). Therefore, the 

smallest vortices still have to be resolved, which forces a very fine mesh structure. Since this 

exceeds the available computing power capacity or leads to extremely long computing times, 

this approach is attempted to be implemented approximately with larger mesh sizes. 

The k-ε turbulence model describes turbulence effects by two additional variables in the con-

servation equations by solving averaged flow equations according to the mean values of the 

flow variables. Further common two-equation models are, for example, the k-ω turbulence 

model or the k-ω-SST turbulence model. Such statistical models solve a special form of the 

fluid mechanical conservation equations, the so-called Reynolds Averaged Navier Stokes 

equations (RANS). 

In the "Large Eddy Simulation" (LES), the vortices relevant for smoke and heat propagation 

are directly resolved (as in DNS), and the small-scale structures, for which the grid is too 

coarse, are appropriately modelled (fine structure model). Since experimental findings show 

that in the case of fire modelling, the vortices, which are important with regard to their energy 

content, have a spatial extension that corresponds to the local plume size [5.30], [5.31], these 
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methods can also be used for larger spaces with the possible grid resolutions for the computing 

power, - as assumed here - the combustion process itself is not modelled. 

A relatively new possibility for turbulence modelling is the "Detached Eddy Simulation". This is 

a combination of the RANS approach in the boundary area of walls and ceilings and a LES 

approach in areas further away from the boundary area. 

 Combustion modelling 

With the three-dimensional CFD modelling, a further aspect should be considered in addition 

to the (area-specific) heat release rate and the fire area (fire propagation rate): The heat 

release takes place in a finite volume, which must be determined in a suitable form. There are 

three fundamentally different approaches 

 Volume sources,  

 Thermal jets, and  

 Combustion modelling. 

For the simulation of fires in which the heat release rate is specified as a function of time, the 

volume sources and combustion modelling provide similar results. 

Volume sources 

For Volume sources, so much energy is released per unit time in a certain volume range that 

the (convective) heat release rate (total heat release rate minus radiative heat release) speci-

fied by the design fire is achieved - usually for an exact point in time (i.e. in each time step of 

the CFD simulation) or at least on average for small time intervals. In the simplest case, the 

volume results from an area of constant height above the fire surface, whereby the current 

height may change over time (e.g. depending on the heat release rate). It is important to en-

sure that the size of the volume and heat release - i.e. the energy density per unit of time - is 

physically consistent. Otherwise, there is a risk that the temperature in the area of the fire 

source with flame temperatures in the range of about 800 °C - 1300 °C will be significantly ex-

ceded or not reached. A typical energy density per time unit within the combustion zone (1.2 - 

1.8 MW/m³) can be used to determine the required height of the volume source or to calculate 

automatically within the fire module of a CFD program for each time step. The convective heat 

as well as the combustion products determined by mass loss rate are released uniformly in all 

mesh cells of the volume source and are spatially distributed by the buoyant convection flow, 

whereby the plume structure dependent on the respective geometry and the ventilation condi-

tions develops without the necessity of further (empirically derived) approaches or specifica-

tions. 

Thermal jets 

With thermal jets, a hot gas (normally air) with a certain volume flow or mass flow is added 

near to the fire source. In order to determine the parameter of thermal and geometric jets ac-

cording to the desired heat release rate or, an empirical model (plume model) should be used, 

which is usually not compatible with the fundamental approach of CFD modelling. Thermal jets 

are therefore more often used with physical models; they are not typical for calculations with 

fire simulation models.   

Combustion modelling 
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In addition to the simplified approaches described above, it is also possible to model the com-

bustion reaction itself. An advantage of combustion modelling is that the occurrence of under-

ventilated fire conditions can be taken into account. Only as much heat is released in the fire 

room as is possible on the basis of the combustion reaction and the oxygen concentration. 

This may result in deviations between the calculated heat release rate and the underlying 

specified heat release rate of the design fire. 

In combustion modelling, a fundamental distinction should be made between the following 

approaches: 

 the approach of an infinitely fast reaction rate and 

 the approach of finite reaction rates. 

The infinitely fast reaction rate is based on the simplified assumption that the fuel reacts imme-

diately with the oxygen in the ambient air. The energy released by combustion is thus depend-

ent on the mixture of fuel and oxygen. The rate of combustion can then be described by the 

change over time of the concentration of fuel and oxygen within the control volume: 

 
dF dO

F Ov
dt t

k
d

       (5.9) 

The factors and describe the mass fraction of the fuel and oxygen in the control volume. For 

an infinite reaction rate, the reaction rate is constant (k=1). The approach of an infinitely fast 

reaction rate can be applied with a good approximation to problems in fire protection engi-

neering since the combustion is controlled by mixing fuel and oxygen to an ignitable mixture, 

i.e. the actual combustion reaction proceeds significantly faster than mixing fuel and oxygen. 

In low-energy fires with low heat release and low temperatures, e.g. smouldering fires, the 

mixing of fuel and oxygen is faster than the actual combustion reaction. In this case, the 

approach of an infinitely fast reaction rate leads to a very high heat release. 

In the finite reaction rate approach, the combustion reaction is not only dependent on the con-

centration of fuel and oxygen but also on the prevailing temperature. The reaction rate con-

stant or reaction rate can then be described as an Arrhenius function (see pyrolysis reaction 

(5.2)): 

 
a

bRT

E

ak FA Oe


    (5.10) 

with 

  A  Pre-exponential factor [-] 

  T Temperature [K] 

  Ea Activation energy [J/mol] 

  R Universal gas constant [8.314 J/(K∙mol)] 

 

The exponents a and b are material-dependent characteristic values and can be determined 

experimentally. Due to the temperature dependence, it is necessary to represent the tempera-

ture calculation as accurate as possible, resulting in a very low spatial discretization. 

As shown in the equation (5.9) and equation (5.10), the concentration of fuel and oxygen is 

required for modelling combustion. Therefore, in the modelling of the flow field, not only the 
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mass transport equation for the entire cell but also the mass transports of the individual spe-

cies of fuel, oxygen and reaction products should be calculated.  

Within a control volume of 5 cm x 5 cm x 5 cm, fuel, oxygen and reaction products can be pre-

sent both in mixed and unmixed form. Therefore, probability density functions are used for the 

distribution of them. 

Using an infinitely fast reaction rate, the combustion can be modelled directly with the Burke-

Schumann model ("mixed-is-burnt") (see Figure 5.6). The reaction products are determined 

from the averaged mixing ratio within the control volume. 

  

Figure 5.6 Mass fractions (mass proportion) for fuel YC2H4, oxygen YO2, (inert fraction) nitrogen 

YN2 and reaction products YH2O and YCO2 as a function of the mixture fraction Z for 

infinitely rapid combustion using ethene as an example  

From the average of mixing ratio, it can be seen that the combustion reaction can be better 

represented with a fine three-dimensional discretization. 

When a finite reaction rate is used, it should be distinguished that the mixing time scale tt is 

decisive for the combustion reaction: 

 the reaction time, 

 mixing time due to molecular diffusion, 

 mixing time due to buoyancy controlled flows, 

 mixing time due to subgrid turbulence, or 

 mixture due to large scale turbulence. 

One combustion model that takes this into account is the eddy dissipation model. In this model, 

the burning rate in unit of mass per time and volume is calculated with: 

 r R

t

Bu n

1 O P
m''' min (F; ; ) [kg / (sm³)]

t s 1
C

s
    


  (5.11) 
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with 

CR Model parameters dependent on mixing time, kinetic viscosity and turbulent 

kinetic energy 

    Density 

  
tt  Mixing time 

  F  Average mass fraction of the fuel 

  O  Average mass fraction of oxygen 

  P  Averaged mass of the reaction products 

  s Stoichiometric coefficient 

The eddy dissipation model can also be used for combustion modelling with an infinitely fast 

reaction rate. In this case, the time scale for the reaction time is not taken into account. There 

is the advantage that the turbulence model is applied for mixing within the control volume, 

which has a positive effect on the required spatial discretization. 

 Radiation modelling  

In addition to heat transfer by convection, which can be calculated by solving the conservation 

equations, heat transfer by radiation is an essential factor in the modelling of fires. The radiant 

power of a blackbody is determined using the Stefan-Boltzmann law: 

       4A TP  (5.12) 

with 

    Stefan-Boltzmann constant [W/(m²K4)] 

  A Radiating surface area [m²] 

  T  Temperature difference [K] 

As can (5.12) be seen from the equation, the heat flow transferred by radiation is proportional 

to the temperature difference of the fourth power, which is why with rising temperatures in the 

fire zone, radiation has an increasing influence on the heat transfer to adjacent components. 

With regard to heat transfer by radiation, it should be noted that the radiation in the fire com-

partment is emitted and absorbed by the surfaces and, in addition, it is emitted, absorbed and 

scattered within the room by the predominant gas mixture (oxygen, nitrogen, fuel, combustion 

products etc.). The heat transfer by radiation can be described by the radiative transfer equa-

tion: 

  

  

  




         

 


 

s

radiation source termabsorption loss scatter loss

s

4

incident scatterd radiation

s I ( , ) ( , ) I ( , ) ( , ) I ( , ) B( , )s

( , )

x x x s x x s x

x
s s( , ) I ( , )x d

4
s s

 (5.13) 

with 

  

I   Radiation intensity 
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   (x, )   Absorption coefficient 

   s(x, )  Scatter coefficient 

  B(x, )   Radiation source term 

Since the radiative transfer equation depends on both the wavelength of the radiation and the 

direction of the intensity vector s, it cannot be solved for the application of fires simulation with 

a reasonable computational effort. Therefore, the radiative transfer equation is simplified by 

different assumptions for the composition of the gas mixture and for the considered spectrum. 

These assumptions include: 

 assumption of a grey gas (grey gas model), 

 narrow-band models and  

 wide band models. 

In order to solve the radiative transfer equation, the calculation area should first be spatially 

dis-cretised by subdivision using solid angles. For the numerical solution of the radiative 

transfer equation, a number of methods are available. Basically, one has to distinguish 

between: 

 Static methods,  

 Zone methods and  

 Differential methods. 

An overview of the different methods can be found in [5.92] and [5.93]. Some of the better-

known methods are: 

 Monte Carlo method,  

 Discrete transfer method,  

 Finite volume method and 

 The P-1 radiation model. 

5.4 Validation and verification of mathematical models 

 General information 

Due to the importance of the applied verification methods (manual calculations, computer 

simulations, experimental models), quality control is essential. Besides a plausibility examina-

tion of the respective results, the evaluation (validation) of the methods used is also necessary. 

These evaluations are best carried out with experiments of various types and sizes. Verifica-

tions of analytical solutions are important in the development of a procedure or model in order 

to demonstrate the fundamental agreement with physics. Such considerations have already 

been made in other field and are also valid for simulation methods in fire protection [5.88], 

[5.89]. The evaluation of the programs is carried out methodically in three steps, which are 

described herein in more detail according to the information of [5.88]. 

 model qualification, 



5  Models for fire simulation 

112 / 464  Guideline engineering methods of fire protection vfdb TR 04-01 (2020-03) 

 model verification and 

 model validation. 

A model is qualified if the phenomena necessary for the description of the real problem are 

sufficiently considered in the model. This means nothing else than the quantity, which is used 

as a result, should also be calculated by the model in a suitable form and in a comprehensible 

manner. The qualification for practical questions includes two assumptions, that the physical 

and mathematical foundations of the model are sufficiently documented and that the user is 

able to decide whether the represented model characteristics are sufficient to answer the re-

spective question. 

According to the conceptual basis, model verification can only be limited to processes that can 

be examined relatively accurate. It therefore includes comparisons with exact solutions for 

specific boundary conditions or qualified numerical solutions. Both the mathematical-physical 

and the numerical methods should be considered in the test. In particular, the interaction of 

the individual program components is verificated. At this level, the sources of error that can 

creep into the program should be detected and eliminated. Generally, the verification cannot 

be performed by the user. It is an advantage if this is carried out by the program developer or 

by a nationally or internationally organized group of users. Models that have gone through 

such a process are more trustworthy than other models. 

Model validation involves comparison with experimental data and is an ongoing process to 

ensure that the model is applicable for different problems or to detect errors and weak points 

in their application. For the application of models, the presented methodology should always 

be applied, i.e. the user must check whether the available manuals of the respective model 

contain a sufficient description of the model properties. As already described, it is 

advantageous if the model is already used by a large group of users and if publications are 

available in which the above-mentioned topics are addressed.  

The basic requirements for a successful validation are the description of the physical and me-

thodical fundamentals of the detection method, an exact documentation and description of the 

fire tests, as well as a profound knowledge of modelling procedures and experimental meas-

urement techniques. The following methodology should be applied: 

 selection and collection of experimental data, 

 checking the experimental data for plausibility and completeness, 

 modelling of the scenario for the corresponding calculation model, 

 execution of simulation calculations, 

 comparison of the results of simulation and experiment, and 

 evaluation of the comparison in terms of quality and quantity if necessary 

(numerical deviation).  

Often not all the necessary values for a full validation are available. Especially with regard to 

the source terms, i.e. the mass loss rate, the data are usually not sufficient for a simulation 

specification. Also, the boundary conditions of the tests often do not allow an absolutely com-

plete modelling. If undefined boundary conditions and source data are available, the modelling 

of a test can be carried out using a parameter study, whereby the unknown or uncertain 

boundary conditions must be varied. 
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The modelling should correspond as far as possible to the real scenario in terms of geometry 

and dimensions. Special attention should be paid to the location of the fire source, the type of 

ventilation and the wall construction. 

As a rule, the source terms place the greatest demands on the modeller. If only imprecise data 

on the heat release from the experiments are available (especially in experiments of fires with 

mixed fire loads), then the experimental data may have to be supplemented by known correla-

tions (e.g. with regard to area-specific heat release rate or mass loss rate). 

Any thermodynamic data (e.g. emissivities, heat transfer values) that are fixed in the program 

or accepted as default values in the data set, should be considered. 

The comparison of results and experiment can be preceded by a check for the plausibility of 

the calculated results, but generally, this step is not necessary because of the direct compari-

son of the calculated data with the experimental data. The more values can be compared di-

rectly, the better the validation can be performed. The following quantities are suitable for 

comparison if corresponding experimental data are available: 

 temperatures, 

 smoke gas layer thickness or soot concentration field, 

 smoke gas composition, 

 mass flows and velocity fields, 

 pressure distributions, 

 wall temperatures. 

Special attention should be paid here to the comparison of the measurement and simulation 

re-sults (with regard to the geometric position of the measurement point or the calculated 

value). An example is the comparison of a hot gas temperature in zone models and a 

measuring point in a test. The calculated hot gas temperature of the zone model corresponds 

to an average gas layer temperature, while the measurement result reflects a local heat 

transfer into the temperature sensor by convection and radiation energy at a point in space, 

depending on the type of sensor. A comparison with the results of a zone model can be difficult 

if the measured values do not allow the determination of an average temperature value. But 

even the comparison of calculation results of a field model with those of an experiment requires 

a certain density of measuring points since any deviations in the numerical value can be 

caused by spatial or temporal shifts. 

The changes in the results should be evaluated over time; i.e., changes over time should be 

reflected in the changes in individual variables. 

If possible, the validation should not be based on the comparison of a single variable (e.g. 

temperature). The overall system of results from the experiment, and simulation should always 

be evaluated and considered. 

 Assessment of the predictability 

 General information 

For the validation of models, Peacock et al. [5.77] describe basic techniques for comparing 

two-time series. These are interpreted as vectors, and the elements of vector analysis, such 
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as norm and inner product, are used to describe the deviation of the time series from each 

other. These approaches can be found directly in corresponding standards, such as ISO/FDIS 

16730 [5.78]. Further international approaches can be found, e.g. in ASTM E1355 [5.79]. 

 Characteristic uncertainties 

Approaches to evaluating the predictive power of models are made in publications of the US 

NRC. In [5.82], a procedure for evaluating the predictability is described in the context of the 

validation of international reference tasks (benchmark exercises) based on the approach of 

ASTM 1355 [5.79]. The essential approach for evaluability is to contrast uncertainties that arise 

in the simulation of a quantity with uncertainties that arise in the experimental determination of 

the quantity. The idea is shown in Figure 5.7. 

  

Figure 5.7: Peak values ( PM  and PE ) and uncertainties (
MU and 

EU ) for quantities calculated 

by a model (M) and determined by an experiment (E) [5.82] 

 

 

Table 5.1 Weighted Combined Expanded Uncertainty, UCW 

Measured variable Number of tests used UCW (%) 

Hot gas layer offset 

temperature 

26 14 

Hot gas layer thickness 26 13 

Temperature ceiling jet 18 16 

Plume temperature  6 14 

Gas concentration 16 9 

Smoke concentration 15 33 
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Pressure 15 40 (no mech. ventilation) 

80 (mechanical ventilation) 

Heat flux density  17 20 

Temperature surface 17 14 

The uncertainties depend on the model used and the experiment on which it is based so that 

a generalised representation is not possible. Combined and expanded uncertainties are given 

by   
1/2

2 2

C M EU U U . A further step is to combine uncertainties based on several tests. The 

resulting weighted, combined and expanded uncertainty is the representative uncertainty on 

which the further evaluation is based. A summary of the values according to the American 

study [5.82] is given in Table 5.1. 

The results of the study on the calculated and the measured temperature increase in the hot 

gas layer (HGL) and are summarized in Figure 5.8. In the diagram, the results are classified 

according to the models used. The investigations were carried out with plume equations (man-

ual calculation methods), zone models and a CFD model. It is clearly visible that the calcula-

tions from plume equations are far on the safe side, i.e. the increase in calculated tempera-

tures of the hot gas layer are higher than the values from the experiments. 

  

Figure 5.8 Comparison of the results of temperature increases in the hot gas layer (HGL) 

calculated and experimentally determined using different model approaches [5.82] 

For the Fire Dynamics Simulator (FDS), which is often used internationally, the results of a 

comprehensive validation based on the comparison of the extrema based on different bench-

mark exercises are summarized in [5.82]. 
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 The methodology of the time series analysis from experiments and simulation 

Within the framework of the validation calculations to review the results of the international 

research project PRISME [5.80] and [5.81], a methodology for the time series analysis of ex-

periments and simulation is described. The methodology is divided into two parts. On the one 

hand, a local metric comparison PEAK of the maximum or minimum (peaks) is carried out 

(5.14):  

 


 Simulation Versuch

Versuch

peakY peakY
PEAK

peakY
 (5.14) 

This method allows a very fast and simple assessment of the deviation - in the extreme values 

- of the time series and reveals major discrepancies. However, it does not allow any statement 

about the behaviour of the time series in relation to one another over their entire temporal 

course. 

Consequently, on the other hand, a related sum of square errors, NED (≙ "normalized Euclid-

ean distance"), is additionally (5.15) used, which Peacock documented in [5.77] (n= number 

of measuring points): 
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The Peacock relationship used here is a measure of the deviation in form or over the entire 

course of the time series.  

Squaring the deviations at the individual measuring points ensures that positive and negative 

deviations cannot compensate each other. On the other hand, the reference to the test values 

allows a direct assessment of the deviation of two or more time series from the test results. 

This conflict is avoided by referring to the test values as base values. This can also be applied 

equally to the evaluation of different physical quantities with each other.  

To be able to evaluate (t.15) time series in the form of equations, the same number of values 

should be available for both series, and these values should correspond to the same point in 

time. Since normally, the experimental and numerical values were not determined at the same 

time step t, it is necessary to subject the time series to a suitable averaging procedure.  

After the introduction of thresholds, which must also include considerations of inaccuracies 

and deviations in the measurement, a final quantitative evaluation of the simulation results can 

be carried out in a subsequent step. With the help of the values described above, the method 

quantifies the agreement or deviations of time series. It is not limited to fire protection 

engineering. 

To show both local and global effects in the form of evaluation numbers, a combined presenta-

tion of PEAK and NED, in the form of an X-Y plot, is often used. Here, considering evaluations 

of limiting criteria is a useful supplement to the presentation. Figure 5.9 shows the results of 

an example investigating the predictability of temperature (TG) and the evaluation of criterion 

"expanded uncertainty" Ucw = 15%. 
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Figure 5.9  PEAK-NED plot for temperatures of the gas phase (TG) with considering the 

evaluation of limit criterion UCW 

 

 Continuous integration 

 General information 

In terms of sustainable quality management, Continuous Integration (CI) techniques are be-

coming increasingly important in the design of new software. This applies in particular to the 

development of large, heterogeneous simulation tools that are intended to map the interaction 

of the most diverse physical and chemical phenomena [5.90]. 

Against this background, the simulation of complex fire scenarios, in particular, represents an 

extreme challenge since it equally couples processes of fluid and structural mechanics, heat 

radiation, combustion and pyrolysis, while taking into account the different scales and complex 

material properties at the same time. Last but not least, the efficient execution of the simulation 

code on massively parallel high-performance computers must be guaranteed.  

An essential component of the CI process is the use of meaningful performance and accuracy 

metrics to systematically measure the statistical model uncertainties. The results of these 

measurements enable comparison with previously defined minimum quality requirements and 

reveal deficiencies at an early stage of development. This enables all project participants to 

communicate with each other in a goal-oriented and constructive manner, to eliminate prob-

lems at an early stage and to make an objective assessment of the current state of the project. 

 Continuous Integration using the example of FDS 

The development of the Fire Dynamics Simulator (FDS) is integrated into a comprehensive CI 

framework, which represents an important and independent component within the overall de-

velopment process. Under the umbrella of continuous version control, the FDS source code 

and all associated data (documentation, V&V database, wiki, visualization tools, etc.) are 
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available on a free access server that works as a central code database and enables the coor-

dination of the individual developers [5.90]. 

Automated generated tests, as well as verification, validation and regression tests, are per-

formed with thematic grouping at regular intervals. These are designed to continuously check 

and evaluate the individual components of the code and their interaction. On the one hand, 

these tests involve systematic comparisons between simulation and analytical solu-

tions/benchmarks for isolated individual phenomena and submodels (verification). On the other 

hand, extensive comparisons between simulation and experiment for a wide range of applica-

tion scenarios are carried out (validation). 

 Verification Tasks 

Starting with the observation of single phenomena, via the targeted testing of single sub-

models, to comparisons with analytical and benchmark solutions for the applied model equa-

tions, the verification of FDS contains an extensive compilation of test series in the following 

areas (Table 5.2): 

Table 5.2 Task fields Verification 

Area Special tasks / partial aspects 

Code correctness Tests on difference methods, boundary conditions, symmetry 

properties, divergence condition, multi-mesh distribution, etc. 

Flow solver Analytical model problems for testing the advection, pressure and 

viscosity terms, time integration for non-reactive flows, 

comparisons with DNS calculations, sensitivity studies, etc. 

Turbulence effects Tests of the LES model, including different SGS models, turbulent 

boundary effects, etc. 

Mass and energy 

conservation 

Tests on the reaction of different gases, reliability of compounds 

mass fractions, etc. 

Heat radiation Tests on simple cold and hot objects as well as various absorption 

media, etc. 

Thermal 

conductivity 

Analytical model problems on temperature-dependent thermal 

properties, tests on thermocouple models, etc. 

Combustion model Tests on the mixture fracture and extinction model, on species 

concentrations, gas properties and reaction rates, etc. 

Pyrolysis Tests for thermal decomposition of materials, different material 

compositions, etc. 

Discrete particles Tests for using particles, water drops, sprays, etc. 

Heating, ventilation 

and air-

conditioning 

Tests for leakages, pressure drops, mass balances, etc. 

The individual tests included are relatively small in size and require very little computing time 

so that the complete package can be run through every night. This strict control ensures that 

the daily code changes do not affect the previous functionality of the code (test for compiler 

errors, violation of basic verification properties, etc.). 
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 Validation tasks  

Typically, within the scope of validation, the measurement data in a real experiment are com-

pared with corresponding simulation data, and possible differences are evaluated 

quantitatively and qualitatively. Both the uncertainties in the experimental measurements and 

in the definition of the model inputs should be considered [5.90]. 

Comparing a large number of experiments with different scenarios can provide useful evalua-

tion criteria to control whether the mathematical simulation models used to predict the physical 

phenomena under study are appropriate. In the case of inaccurate simulation results, it may 

be possible to draw conclusions about the reasons for failure (e.g. an inadequate description 

of the fire physics, limited information about the geometry, fuels or materials, etc.). 

Against this background, a very large collection of test descriptions, including associated 

measurement data, has been compiled for FDS over the years. The data originate from real 

experiments that have been conducted worldwide in various research institutes and laborato-

ries. According to the developers, this database does not claim to be complete. 

However, due to the considerable complexity of the individual cases, these series of tests are 

carried out at greater intervals than the verification tests and with different time intervals de-

pending on the scope of the individual test in question. 

The publication of new minor releases (with minor changes to the code functionality) and es-

pecially new major releases (with significant changes to the applied algorithms) requires the 

successful completion of all validation test series and the re-creation of all evaluation plots and 

statistics. 

Usually, within the test series, the heat release rate is prescribed together with the production 

rates of different combustion products. The older validation studies are mainly concerned with 

the prediction of heat and smoke gas transport. 

Recently, other fire-specific phenomena have become the focus of interest (e.g. speed of flame 

propagation, activation of sprinkler and detector systems, etc.). 

The current results of all test series are summarized in an overview table, stating their fire pro-

tection-relevant parameters (e.g. heat release rate, fire diameter, ceiling height, etc.) and can 

be compared with each other with regard to their applicability. This table also allows a mean-

ingful evaluation of the program quality currently achieved and the project progress across the 

individual versions. 

The following Table 5.3 is an exemplary summary of valid cases that are considered within 

FDS: 

Table 5.3 Tasks Validation 

Area Special tasks / partial aspects 

Fire plumes Derivation of technical correlations based on the results of numerous 

experiments 

Investigation of ceiling jets and flame heights 

Comparison of plume centerline temperatures to empirical correlations 
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Pool fires consideration of different fire source sizes and fuels (e.g. methane, 

ethane, heptane, diesel) 

Estimation of the vertical and radial velocity profiles and the mass 

fraction profiles 

Measurement of the thermal expansion of natural diffusion flames and 

temperature contours 

Laser-based investigations of soot distribution for turbulent flames 

Testing of the RTE solver and the combustion model 

Prediction of the combustion rate as a function of the diameter 

Studies on the influence of the numerical grid and the size of the 

calculation area 

Air and gas 

propagation 

without the 

influence of 

fire 

Design of pure ventilation systems (against the background of the low-

mach-number assumption for the flow solver) 

Different ventilation scenarios, evaluation of the indoor air quality 

Release of flammable gases in simple rooms and open areas 

Wind 

engineering 

Calculation of surface pressures and crosswind influences 

Investigation of obstacles in complex roadways 

Comparisons of different turbulence models (LES, also in comparison to 

RANS/Fluent) 

Subgrid-scale modelling (Smagorinsky, Deardorff, Vreman) 

Atmospheric 

distribution 

Specific atmospheric flow properties for fire/smoke in open areas under 

consideration of wind influences 

Evaluation of plume and smoke development of large crude oil fires 

Spreading 

fires 

Comparisons with fire tests at the Hot Steam Reactor (HDR) in 

Germany 

Investigations into the expansion of fire and smoke in large rooms 

Flame 

propagation 

The spread of small laminar flames (millimetre to centimetre range) 

Tests from the cone calorimeter (ISO 5660-1, 2002) to extensive fire 

tests such as the Room Corner Test (ISO 9705, 1993) 

Consideration of many different furnishing materials 

Derivation of recommendations for the use of problem-adapted grid 

sizes and material properties 

Room fires Large-scale high-rise tests (variations of fire source size and location, 

convection, radiation and combustion parameters) 

Measurement of temperature and smoke distribution for realistic multi-

room scenarios 

Prediction of secondary ignition and fire flashover 
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Investigations in mechanically ventilated large rooms 

Turbulence properties of the flow and temperature fields (half-scale ISO 

Room Fire Test) 

Investigation of temperature and smoke distributions in realistic multi-

room scenarios 

Sprinkler and 

water mist 

systems 

Mapping of activation times 

Verification of sprinkler activation predictions for high-bay warehouse 

fires involving chemical storage 

Absorption of heat radiation by water mist systems 

Tunnel fires Post simulation of tunnel experiments with and without ventilation 

Heat flow and smoke measurements in connection with sprinklers 

Qualitative analysis for a truck fire in a tunnel 

Smoke 

detection 

Prediction of the activation times of smoke detectors 

Comparisons of temperatures, gas velocities and concentrations at 

different detector positions 

Combustion 

model 

Comparison of the spectral radiation intensities of small fires 

Measurement of temperature, air velocity, gas concentration, unburned 

hydrocarbon and heat flows 

Comparisons of a methane gas burner with natural ventilation 

Soot 

deposition 

Study of the effects of soot deposition on the prediction of smoke 

concentrations, 

Smoke detector activation times and detection distance 

Soot densities and deposits on walls for various fuels 

Reconstruction 

of damage 

fires 

Simulation of known large fires, e.g. WTC, Station Nightclub in Rhode 

Island, and many more. 

 

5.5 Model application 

 General information 

In the following chapters, the basic steps in the application of mathematical models for fire 

simulation are shown. The individual application steps are strongly dependent on the individual 

sub-models, which are provided in the fire simulation models. In [5.53], the fire simulation 

flowchart is shown in Figure 5.10 proposed for the CFD calculation. The individual steps in-

clude the selection of the scenario (Chapter 5.5.2) and the model type (Chapter 5.5.3), as well 

as the evaluation (Chapter 5.5.4) and the documentation of the results (Chapter 5.5.5). 
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Figure 5.10 Flow chart for fire simulation according to [5.53] 

 

 Selection of scenarios 

The term fire scenario is understood here as the summary of the essential boundary and initial 

conditions of a fire simulation. This generally includes the following specifications: 

 temporal progression of the combustion or heat release of the fire, if necessary 

with considering existing effective parameters such as extinguishing measures, 

 information on the chemical reaction, especially on yields (e.g. soot), 

 location and size of air supply and exhaust openings (e.g. SHEVS), or generally 

the ventilation conditions, 

 the extent of the calculation area (fire zone and adjacent rooms) and 

 specific assumptions. 

This list is open because, depending on the task, specific boundary conditions are considered 

and calculated, which have an influence on the input data of a mode. The selection of scenari-

os results in an investigation of system states that covers the task and is sufficient to answer 

the relevant questions. 

Examples of different scenarios are different fire patterns with identical ventilation conditions 

or the change in ventilation conditions when a certain temperature is reached. For temperature 

calculations, different scenarios may be required by considering different locations of heat 

application. 

1. Structure of the model

Definition of the simulation 
area

Creation of a geometry 
model

Generation of a 
computational grid

Selection of mathematical 
models for simulation:

- Turbulence model 

- Combustion model 

- Radiation model etc. 

2. Determination of boundary 
conditions

Setting the simulation duration 
and the time step size

Specification of initial and 
boundary conditions: 

- Velocities 

- Pressures 

- Temperatures 

- Concentrations 

- Turbulence variables etc. 

Definition von Stoffwerten

Selection of discretization 
methods

Specification of convergence 
criteria

3. Simulation

Conduction of Simulation

Evaluation of the results: 

- Interpretation

- Evaluation 

- Conclusions

Documentation
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The selection of scenarios matches their different input data for the simulation. Since CFD 

models and multi-zone models differ in details, it is possible that the selection of scenarios de-

pends on the choice of model or calculation method. 

 Selection of the model type 

Within the framework of fire protection verification, a number of questions arise, which are deal 

with using different engineering methods. In addition to the classical tasks, such as the design 

of smoke extraction systems or the determination of temperature gradients, topics such as 

thermal radiation, triggering time point of sprinklers or automatic smoke detectors can be con-

sidered. Coverage of all possibilities is beyond the introductory character of this chapter, so it 

is limited to the classic tasks mentioned above. 

For the selection of the model type, the task definition is important. For example, as already 

explained, not all models are equally suitable for the calculation of local temperature values. 

Zone models should be supplemented by algorithms described in the chapters of plume 

models and ceiling jet models. If they are not included in the model, separate calculations are 

possible using the equations given. 

While with engineering formulae and simpler calculation procedures, application limits often 

result from the validity range of the underlying empirical relations and the introduced simplify-

ing assumptions, similar general limitations of the application range cannot be easily deter-

mined with the CFD models. This is due to the local description of the smoke and heat propa-

gation. Which takes the fundamental physical conservation laws into account. Basic 

application limits, e.g. the spatial dimension, the structural complexity or the strength of a fire 

source, cannot be derived from the field model approach. Practical application limits result from 

the selected structure for the computational grid (and from the available computational 

capacity), the selected boundary conditions and the requirement that is suitable for sub-models 

(e.g. for thermal radiation) which should be integrated for certain questions. For temperature 

calculations, the modelling of the fire source and the grid size must also be taken into account. 

With a large grid size and low energy density (large volume source), larger deviations may 

result depending on the model.  

The question of the application limits of a certain field model can ultimately be answered by 

referring to the specific application case. Therefore, it is generally true that problems involving 

detailed computational processing of complex room flows (combination of room geometry, 

buoyant convection flow and ventilation) and the smoke and heat propagation phenomena 

require the use of a CFD model.  

The three-dimensional local field model approach means that a large amount of data has to 

be managed. Here, suitable visualization and documentation options are required, as they are 

usually offered by modern programs. For quantitative analysis, timing diagrams (development 

of gas temperature, component temperature, smoke density or pollutant concentration in local-

ly limited areas or at selected points) as well as two-dimensional sectional images (as colour 

maps or isoline representations) are the appropriate tools. In order to get an overview of the 

quite complex smoke gas and ventilation flows, a three-dimensional representation is often 

helpful, possibly also in the form of video sequences generated during the simulation. 

CFD models are used in almost all possible areas, from single room to domestic and large 

fires, e.g. in industrial halls, atriums, meeting places or office buildings. Because of their ability 
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to calculate the flow conditions inside the buildings, CFD models are often used to simulate 

smoke propagation and smoke extraction measures. Other important areas of application are 

automatic fire detection and component design. In the latter case, CFD models also offer the 

possibility of investigating the thermal loading of partially free structures such as frameworks. 

Furthermore, CFD models can be used for the reconstruction of fire events and their conse-

quences. 

For zone models, there are general restrictions resulting from the theoretical principles, which 

can influence the accuracy of the calculation or its validity. The following case is based on the 

guidelines for the application of zone models, which released by the responsible ISO working 

group [5.72]. 

Since the momentum equation is not solved, all flow processes are considered instantaneous. 

This assumption is justified for relatively small spaces; for larger spaces, there are deviations 

in flow processes which require a different time frame. Although this can lead to conservative 

results in the initial phase, these can be reversed later. These flow processes generally lead 

to irregularities in the concentration of smoke gas components, the temperature or the position 

of the smoke gas lower limit after a certain period of time. This is caused by loss of buoyancy, 

heat loss, etc. Furthermore, flow processes at openings are only described by a flow coefficient 

and not by the respective exact geometry. Deviations can also result from that. 

The smoke gas transition from the lower air layer (cold gas layer) to the smoke gas layer is 

described by the plume models. There are different models for this purpose, which can differ 

considerably in the results. Since these models all rely on so-called entrainment coefficients, 

the experimental inaccuracies in the determination of these coefficients are transferred to the 

models. These inaccuracies are due to, for example, the fact that the coefficients were often 

measured in a laminar flow environment. In contrast, the plume may be significantly influenced 

by supply airflows or ventilation devices. These flow processes influence the mixing in the 

smoke gas column (plume) and can lead to considerable mixing processes with corresponding 

smoke entry into the air layer. An example of this is high air velocities in the area of the plume. 

The plume models, or adapted variants, are also used to describe the overflow of smoke gases 

from one room to another. Here, some assumptions are made which contain a certain range 

of errors and therefore affect the results. The assumptions again include the entrainment coeffi-

cient and the geometric shape of the plume, as well as the introduction of a virtual source. This 

is also the reason why the subdivision into virtual spaces does not necessarily lead to more 

accurate results. For example, the so-called spill plume may have a higher entrainment coeffi-

cient than the axisymmetric plume. Therefore, flow processes in the plume or through open-

ings contain a number of inaccuracies that can be added in connection with the required input 

data regarding the room geometry (e.g. non-uniformly shaped smoke areas with different 

heights), the openings (see above) and the number of rooms. Therefore, it is by no means cer-

tain that dividing a room into more rooms will improve the result. Due to the influences men-

tioned above, even the opposite could happen. 

Zone models generally do not describe local effects such as those resulting from isotherms or 

the smoke gas concentration in a specific area. They are therefore not suitable for the as-

sessment of issues in which such local effects play a role. 

Large deviations can generally occur in relatively low rooms. Here, the flame shape occurring 

in reality (deflections of the ceiling) influences the results as much as the instability of the 
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smoke gas layer at greater distances from the fire location. In particular, obstacles on the ceil-

ing (e.g. beams) influence the results. In general, geometrically complex rooms with complicat-

ed ceiling shapes are only to a limited extent suitable for the description by zone models. The 

closer the geometry corresponds to rectangular shapes, the more suitable the zone models 

are. 

Since zone models require the formation of a relatively uniform stratification (and cannot verify 

its existence), a relatively small fire in a large room may not be sufficient to meet this require-

ment. Some researchers have therefore proposed a minimum of 0.1 kW per m³ room volume 

as a necessary lower limit for the heat release rate. On the one hand, this proposal is very 

pragmatic. On the other hand, it neglects other effective parameters such as the supply air 

velocity. 

The assumptions and inaccuracies mentioned above also have their effects on the arrange-

ment of virtual rooms, i.e. the division of a given room volume into smaller virtual rooms with 

openings the size of the room entire width. In this case, the mentioned assumptions and inac-

curacies can have a significant influence on the result. The direction in which the results are 

affected is not determined by physics but by the relatively arbitrary selection of virtual rooms. 

In the following Table 5.4, some of the basic properties of zone and CFD models are compared 

with each other from the point of view of fire protection engineering. The characterisation of 

the properties needs a subjective assessment of the scope and accuracy and does not yet say 

anything about the possible application of a particular problem. 

Due to the differences in the physical approaches, the meaningfulness of zone and CFD mod-

els is different, i.e. the scope of the calculated variables deviates strongly from each other. 

Table 5.4 Basic properties of field and zone models (see also [5.36], [5.37], [5.38]) 

Property Zone models CFD models 

Geometry acquisition approximated approximate to accurate 

Ventilation detection approximated approximate to accurate 

Heat release approximated approximated 

Model effort low high 

Statements global, or average values local 

Validation elaborate elaborate 

Calculation effort low to medium high 

For all models equally, errors in the input data lead to corresponding errors in the results. 

 Interpretation of the results 

Before interpreting the results, the user of engineering procedures should perform a plausibility 

check of the results. This includes, for example, checking temperature distributions for 

unrealistic values or comparing the temporal development of temperature values, smoke gas 

layer development, and mass flows in the fire course. Since these values correlate with the 

heat release rate, they must follow the development over time to a certain extent (at least in 

the initial phase). In this way, major errors resulting from incorrect entries or exceeding from 

application limits of the program can be eliminated. 

The actual interpretation of the results should be carried out against the background of an 

extended knowledge spectrum, which includes experimental results as well as knowledge from 
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comparative calculations. This is essentially a matter of determining whether the results from 

the chosen model are actually applicable or require additional considerations. For example, 

the result may lead to the conclusion that the scope of application of the chosen model has 

been exceeded, or the results may at least show a larger error. In this case, the decision should 

be made whether additional calculations with the same model or calculations with another 

model are necessary. In any case, this evaluation of the results requires a certain amount of 

experience in which deals with the applied procedures and knowledge of the physical 

principles. 

There are no binding rules for the work step described, so only examples can be given. For 

interpreting and evaluating temperature calculations, it is advisable to compare the calculation 

results with experimental results that have similar boundary conditions. If such results are not 

available, the user should have carried out comparative calculations with the selected 

procedure on the basis of available experiments to ensure that the correct procedure was 

always chosen. 

The application of CFD model calculations for temperature determination can depend strongly 

on the modelling of the fire source. In this case, it is necessary to check whether the calculation 

result actually describes the worst case that is decisive for the design. 

In designing smoke extraction systems, the results should be used to verify that the 

requirements for the application of the selected model are still fulfilled. For example, this may 

no longer be the case at medium smoke gas temperatures with a small difference (a few 

degrees) to the ambient temperatures. In this case, it should be checked on the basis of further 

results (e.g. optical density of the smoke gases) whether statements can still be made. 

Once these considerations have been completed, the design can be carried out in comparison 

with the desired design objectives. 

 Documentation requirements 

In principle, documentation should make the design process comprehensible. Since complete 

traceability largely depends on the level of knowledge of the reader, this can result in 

considerable subjective differences in the demands. These are naturally not predictable by the 

developer of the document; however, at least certain key data should be available for a 

reasonable assessment.  

The following summary (see Table 5.5) is a list containing the information basically required 

for the evaluation of a fire simulation (here: for the design of smoke exhaust measurements). 

In case of further investigation/ other engineering methodological questions, the contents of 

the documentation should be adapted to the task (e.g. in case of application within the scope 

of a structural design or special protection goals of the client). Further principles of 

documentation are contained in [5.73] and [5.74]. 

Table 5.5 Compilation of basic documentation requirements 

Content Remarks 

Task The objective of the investigation or the smoke extraction concept 

Basic 

data/geometry 

Responsible persons, institutions involved 

Date and version of the submitted documentation 

Naming of the plans used (designation, plan no., revision date) 

Naming of the other basics used (e.g. 3D models, voting) 
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Description of the object with the intended uses 

Reference to related fire protection concepts  

Geometric description of the simulation area 

Fire protection 

measures 

Description of the decisive structural (such as smoke sections), 

technical (such as fire alarm and sprinkler systems), organisational and 

defensive fire protection measures in connection with SHEVS 

Protection goals Definition and explanation of the protection goals such as (personal 

protection, effective extinguishing work, preventing the spread of fire, 

protection of property, additional protection goals) 

Determination of the evaluation criteria required to assess the fulfilment 

of the protection goals and their limit values 

Definition of the periods relevant to the achievement of the protection 

goals 

Smoke extraction 

concept 

Legal / Normative bases 

Explanation of the smoke extraction concept, if necessary: Visualization 

in plans 

Definition of the downstream and extraction points (location, position, 

size, flow velocity, volume flow) 

For natural supply air openings / NSHEVs: specification of the 

geometrically free or aerodynamically effective areas 

Further requirements for the smoke extraction/smoke ventilation system 

(e.g. with regard to heat resistance and functional safety) 

System boundaries 

Control and 

regulation system 

Manual / automatic triggering of smoke extraction components 

Other relevant fire control systems 

Smoke and heat 

extraction 

system, fire 

control 

Definition of the triggering criteria (such as single or dual detector 

criterion) 

Time sequences are taken into account for smoke detection (detection, 

control, regulation, programmed delays) 

Explanation of the requirements for fire control with regard to the smoke 

extraction concept 

If necessary, measures for handling wind influences 

Design fire 

(in particular, 

Chapter 4 should 

be taken as a 

basis here) 

Designation of fire loads, location 

Derivation and explanation of the relevant design fires, including fire 

positions and ventilation conditions (fire load controlled / ventilation 

controlled) 

Influence of sprinkler systems/measures of the fire brigade 

Taking into account the influence of sprinkler systems: 

Description of the consideration of sprinkler effects in the model 

Response sensitivity (RTI value) 

Nominal tripping temperature 

Geometric conditions (room height, sprinkler distances from each other / 

to the ceiling) 

Fire parameters:  

Heat release rate curve 

The course of the local expansion of the burned area 

Composition of the fuel 

The specific heat release rate 

Combustion model, radiation model  

Radiant component, calorific value 

Soot Yield, Other Yields (CO, CO2, ...) 
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Boundary 

conditions 

Decisive climatic conditions (wind, temperatures outside / inside) 

Wall temperatures 

Consideration of the failure of components (e.g. failure of glazing) 

Relevant currents in the building, if available 

Documentation of 

the 

programs/models 

used 

Documentation of the model used, including an assessment of its 

applicability to the task under investigation 

Meshing (the type of computational grid, number of grids, number and 

size of cells) 

Documentation of 

the verification 

used 

Explanation and justification of the evaluation criteria and the chosen 

form of presentation 

Graphical evaluations using diagrams or tables 

Visual evaluations such as horizontal and vertical sections in meaningful 

time steps (e.g. 5 minutes), if necessary with descriptive captions 

Discussion/interpretation of the results 

Conclusions/ 

recommendations 

Conclusion / Summary 

 

 Examples of application limits 

In the following, application limits for the use of fire simulation models will be shown by two 

examples. These limits are transferable to tasks that fire protection engineers regularly face in 

the determination of the requirements in real buildings. Further typical application cases can 

also be found in chapter A5.3.3 “Examples and experiments for comparative calculations“ of 

the appendix. 

Example 1 

The first example deals with the case of supply air influences. Here the smoke gas layer is in 

the area of the supply air openings, so a boundary layer is formed where incoming supply air 

comes into direct contact with outgoing smoke gases at a relatively high speed. Within a short 

period of time, the resulting instabilities lead to strong turbulence, which is predicted in the 

CFD simulation. This is shown in Figure 5.11. The presented results are performed in accord-

ance with the smoke tests. 

The following boundary conditions were investigated: 

 An office floor is approximated by an elongated rectangular plan. This space has 

a length of 150 m, a width of 20 m and a height of 3.13 m, 

 The suspended open grid ceiling is simulated by transversely mounted strips 2 

cm wide and 20 cm high. These strips are located at the height of 2.67 m to 2.87 

m above the floor, 

 On both long sides, there are a total of 9 doors with 0.8 m width and 2.5 m height. 

There are five doors of the same size in the front wall and 4 in the rear, 

 A mechanical extraction system is simulated for smoke extraction. The extraction 

openings are arranged at 10 m intervals along the center of the longitudinal axis. 

Each extraction opening has a surface area of 4 m². The total capacity of the 

extraction plant is approx. 75,000 m³/h in the 1st case and 150,000 m³/h in the 2nd 

case, 
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 The fire is assumed to be an office fire, which spreads unhindered for 5 minutes 

before the sprinkler system is activated and stops the further spreading of the 

fire. It is conservatively assumed that the heat release rate/burning rate remains 

constant until the fire is extinguished manually. The maximum heat release rate is 

1.2 MW. The source of the fire has an area of 2 m² and is located at a distance of 

5 m from the left end of the fire zone on the longitudinal axis, 

 The fire simulation was performed with the Computational Fluid Dynamics (CFD) 

with the aid of the Fire Dynamics Simulator (FDS) program from NIST, USA 

[5.19], [5.21]. 

In the 1st case, the turbulence is less strong due to the lower extraction capacity, so that there 

is a lower smoke gas concentration near the floor. However, the smoke gases spread faster in 

the longitudinal direction. 

In the 2nd case, there is an unacceptably high smoke gas concentration over the entire height. 

This is caused by the stronger turbulence at the higher extraction rate. However, the front of 

the smoke gases spreads more slowly than in the 1st case. 

 

Figure 5.11 Soot concentration in the middle of the longitudinal plane after 600 s, top figure: 

the capacity of the mechanical exhaust air approx. 75,000 m3/h, bottom figure: the 

capacity of the mechanical¬ exhaust air approx. 150,000 m3/h 

Figure 5.12 shows the corresponding results calculated with a zone model for the 2nd case 

(150,000 m³/h). In this calculation, the room was divided into five segments of 30 m in length. 

In this way, the smoke spread can also be assessed. The grid ceiling cannot be directly repre-

sented in the zone model and can only be taken into account by a finer segmentation, if nec-

essary. 

The comparison shows that not only the smoke gas layer is significantly lower, but also the 

propagation speed of the fire smoke. The resulting turbulence is not recorded. 
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Figure 1.12 Smoke gas-free layer after calculation with CFAST (for segments 1- 5) 

Example 2 

Example 2 contains the calculation of very high airspace with the following boundary condi-

tions:  

 Application: atrium area also used for events in an office building with seven 

above-ground floors, 

 Maximum height of atrium approx. 27 m, variable ceiling height, 

 Atrium base area: variable depending on the floor, on the ground floor approx. 17 

m x 40 m, on the upper floors approx. 45 m x 20 m, 

 Used areas in the upper floors of the atrium partly exist at the edge, the 

connection of these areas via storey-connecting bridges across the atrium, 

 Smoke extraction: Mechanical smoke extraction with three extraction points 

under the roof of the atrium and a total extraction volume flow of 300,000 m³/h, 

 Supply air ducting: via air inlet openings in the façade on the ground floor, 

 Fire scenario: Fire on the ground floor of the atrium (not sprinklerised) with a 

maximum heat release rate of 6 MW, 

 The fire simulation was carried out with the Computational Fluid Dynamics (CFD) 

by Fire Dynamics Simulator FDS program, version FDS 6.7.0. 

Figure 5.13 illustrates the calculation results for the design of the smoke extraction system with 

the aforementioned CFD model. The optical density is shown. It can be seen that at the select-

ed fire location, the high optical densities occur where the smoke gases accumulated.  

Again, a zone model is not expected to reproduce the detailed differences in optical density. 

This is due to the fact that a zone model cannot take into account the interactions between the 

supply airflow and the smoke layer that occur due to the high volume flows. The interactions 
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of the plume flow with the geometric obstacles in the atrium would also not be representable 

with a zone model in this case. 

 

Figure 5.13 Optical density as a calculation result of a field model calculation 

The examples show that the user of models must be aware of the boundary conditions before 

choosing a model type for design. They are also examples of comparative calculations by 

which the appropriate model form can be qualitatively determined. 

Further experiments, which are suitable for evaluation, are described in [5.34], [5.35], [5.70], 

[5.71]. In the first case, the smoke gas spread over three rooms of different sizes. 

5.6 Effects of selected numerical and physical boundary conditions 

 General Information 

With the increasing use of CFD models for fire simulation and the application of new 

submodels, a multitude large number of fire phenomena can be considered that have not yet 

been considered in zone models. 

In the following, the selected numerical and physical boundary conditions are considered, 

which on the one hand, influence the predictive capability of simulation models (spatial and 

temporal discretization) and, on the other hand, require further consideration and go behind 

beyond the fire modelling of the causal fire (background flows, wind, sprinkler systems). 

 Selection of the grid resolution 

For simulations based on buoyancy plumes, there is a measure for the quality of the numerical 

resolution of the flow field is the dimensionless expression of *D / x  of the characteristic 

resolution *R . Here *D is the characteristic fire diameter and  x is the size of a grid cell. The 

characteristic fire diameter is defined by 
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The quantity Q is the total heat release rate (HRR) of the fire in the unit kW. In the formula, 

  is the density of air in kg/m³, pc  is the specific heat capacity of air in kJ/(kg K), T  is the 

temperature of the environment in K and g corresponds to the acceleration of gravity in m/s². 

If the HRR changes over time, the corresponding change should be taken into account in the 

resolution, and if it is possible, the relevant time period should be considered for the issues 

under investigation. The characteristic resolution  * *R D / x  corresponds to the number of 

mesh cells cover (not necessarily the physical) diameter of the fire. The more cells cover the 

fire source, the better the resolution of the calculation. It is better to evaluate the quality of the 

mesh in relation to the dimensionless parameter than to define an absolute mesh cell size. For 

example, a cell size of 10 cm may be "appropriate" to evaluate the propagation of smoke and 

heat through a building from a fire with a high rate of heat release, but may not be enough to 

investigate a very small smouldering fire source [5.21].  

In [5.87], a sensitivity study on the grid size of three different CFD models for the calculation 

of temperatures and optical densities in an atrium (with an adjacent fire zone) is carried out. In 

most cases, it was found that a characteristic resolution of R* = 4 for a fire with 1 MW power 

should be considered as the lowest limit of resolution in order to exclude the dependence of 

the calculated quantities on the grid resolution. In particular, the investigations show that the 

type of convergence within the models differs since, for example, different sub-models are 

used to take turbulence into account. 

However, it should be noted that a characteristic resolution for complex building structures can 

only be used as a guide. The combustion modelling depends to a not inconsiderable extent on 

the supply air and exhaust air ducting. Since the characteristic resolution only refers to the 

underlying heat release rate, a too coarse resolution cannot take the supply and exhaust air 

openings into account. 

 Selecting the time step 

The choice of the time step has an effect on the discretization of the underlying conservation 

equations for mass, momentum and energy and thus on the stability of the numerical solution 

methods. If the time step is chosen too large for the calculation, this can lead to the physical 

equations not being solved correctly.  

For CFD models, the Courant-Friedrichs-Lewy number (CFL number) is often used as a 

stability criterion for the selection of a suitable time step: 
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with 

c   Courant-Friedrichs-Lewy number [-] 

u   Flow velocity [m/s] 

t  Discrete-time step [s] 

x   Three-dimensional discretization step [m] 
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The CFL number thus indicates how far a considered variable moves within the calculation per 

time step and whether there are no overlaps in the solution of the transport equations within 

the time step. In general, it can be said that with a CFL number lower than 1( c 1), a stable 

calculation can be performed. The numerical background can be taken from [5.93]. Since the 

flow velocities can increase in comparison to the start value depending on the fire course, a 

sufficiently small time step must be selected, or a model must be chosen which selects the 

time step dynamically so that the CFL condition is satisfied during the entire calculation period. 

 Background Flow 

In structures in which a horizontal background flow is expected, it cannot be assumed that an 

axisymmetric smoke gas plume is formed. Depending on the flow velocity of the background 

flow, the smoke gas plume is deflected in the direction of the velocity vector (Figure 5.14). In 

this case, the smoke gases are no longer layered uniformly, so the use of zone models is not 

suitable in these cases. 

 

Figure 5.14 Smoke propagation with horizontal background flow [5.95] 

If the flow velocities of the backflow exceed a critical value
kritv , the smoke comes down to the 

floor level. This critical flow velocity is not a constant value. It is influenced by the heat release 

of the fire. In addition to the use of CFD models, empirical correlations exist for determining 

the critical flow velocity [5.94].  

The influence of backflows should be considered, in particular for underground structures such 

as tunnels and underground infrastructures. Measurements within a subway station [5.96] 

have shown that these backflows can have velocities of up to 0.6 m/s. Especially in early fire 

phases, the background flow can have negative effects on the smoke in adjacent areas. 

 Consideration of wind 

The consideration of wind flows in the context of fire or smoke extraction simulations are indi-

cated in some cases. For this purpose, specifications are made in Chapter 4.2.8.2, "Considera-

tion of wind and air flows in fire simulations". In this chapter, general statements for considering 

wind in CFD models are made.  

Especially for modelling forest and wildfires, the consideration of wind is essential, but also for 

the evaluation of the effectiveness of smoke and heat exhaust systems, the consideration of 

wind can be of interest. In principle, CFD models are very well adapted to model the effects of 

wind on the spread of fire and smoke since these models are widely used in wind engineering 

and meteorology. For considering the wind, it should be noted that these flows occur on differ-

ent spatial scales compared to the fire-induced flows [5.97]. In addition, it should be noted that 

neighbouring buildings influence the flow field and should not be ignored. It follows that a sig-

nificantly larger calculation area in relation to the target building should be selected to take the 

wind into account. Figure 5.15 shows a recommendation for the size of the calculation area, 

which is based on wind engineering guidelines. 
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Figure 5.15 Size of the calculation area when considering wind [5.98] 

A calculation area that is too small can lead to stalls, especially at the edges of buildings, so 

that no wind-induced flows occur on the wind-opposed sides. 

Furthermore, it should be noted that very high local flow velocities can occur in the area of 

building edges, which have a negative effect on the CFL number (see Chapter 5.6.3); it is the 

reason for selecting small time steps. 

Like at flows alongside horizontal structural elements, when the wind is taken into account, the 

wind velocity is not constant over the height. The velocity profile of the wind changes over the 

height and can be described logarithmically in a simplified way (see Figure 5.15). The wind 

velocity u  depending on height z  is: 
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u(z) ln

z
 (5.18) 

with 

 *u  Shear stress velocity [m/s], 

    0,4  Kármán constant, 

0z   Dynamic roughness length [m]. 

The roughness length takes the surface quality of the soil into account and can be taken from 

a table, e.g. DIN EN 1991-1-4. Reference speeds ru of measuring stations are generally 

recorded at a height rz 10m above the ground. If such measurement data are available, the 

equation is simplified to (5.18):  

 0
r

r 0

ln(z / z )
u(z) u

ln(z / z )
 (5.19) 
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By using the logarithmic wind profile, it should be noted that this wind profile is based on the 

assumption that the airflow above the ground is neutral laminar, i.e. that the air temperature 

decreases by 1 K per 100 m. 

For considering the temperature profile of the ambient air, e.g. differentiation between summer 

and winter, it should be noted that the logarithmic wind profile is not applicable in these cases 

since the temperature differences of the air cause a vertical mass exchange which leads to 

turbulence. 

To consider the stable (temperature in the ground level is lower than the overlying layers, 

winter case) or unstable (temperature in the ground level is higher than the overlying layers, 

summer case) stratification of air masses, the submodels are useful that follow the rules of 

Monin-Obukhov's similarity theory [5.99]. 

 Sprinkler systems 

Sprinkler systems have a positive influence on the course of the fire after automatic activation, 

which is based on the fact that the water takes heat from the flame and the hot gas layer due 

to heatings up and evaporation.  

One approach to consider the influence of sprinkler systems in CFD models is to map the 

droplets as discrete particles moving through the calculation area. These particles interact with 

the flow field and the individual sub-models, so this behaviour has to be considered in the 

individual sub-models, this is, e.g.: 

 Pulse conservation between particle and gas phase, 

 Absorption and scattering of radiation and 

 The reduction of the fuel mass flow resulting from pyrolysis. 

In order to make the interaction between water droplets and flow computable, a large number 

of simplifications and additional submodels are also necessary. This concerns:  

 Combination of several drops to one particle, 

 Neglecting the impacts between individual drops and 

 Model approaches for the atomization of the water jet using probability functions 

for the droplet diameters. 

Current comparative calculations [5.99] using small-scale validation experiments show that the 

interaction between water droplets and a hot air stream can currently be reproduced 

inaccurately.  

It should be noted that the simulation of sprinkler systems is currently not state of the art and 

that the application of such sub-models in the context of fire protection is not yet recommended. 

As an alternative for using discrete particles, it is recommended to consider the effect of 

sprinkler systems by adjusting the heat release rate (see Chapter 4). 
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ANNEX TO CHAPTER 5 

 Empirical modelling of the flames and the flue gas plume 

 

A number of fire sources are scientifically investigated in the literature. It was found that the 

interference in the similarity area above the flame ("far-field") can be represented by a power 

function in which powers of the ascending height and the heat input into the flame determine 

the resulting mass flow. This assumes that the heat source is a weak plume and that a far-field 

relative to the fire diameter is considered. For fire loads distributed over a large area, these 

approaches could be extended by introducing the concept of virtual origin, which essentially 

led to a correction of the ascent height in the corresponding equation for the point source of 

the fire. This topic is taken up again for plume temperatures. As this correction depends on the 

fire diameter, it takes into account the dependence on the fire area [5.12], [5.14], [5.37]. 

By assuming a circular or square heat source, the result, according to Zukoski, is: 

  1/3 5/3

Pl cm 0,071 Q z
  (A5.1) 

with 

Plm  Mass flow of the plume at the height z [kg/s] 

cQ  Convective heat release rate in kW 

z  Height of the plume in m above the base of the fire 

This equation can be derived from the general flow equations by the following simplifying 

assumptions: 

 It is a point source. 

 The density differences in the plume are small compared to the surroundings. 

 The mixing of ambient air into the plume is proportional to the local vertical velocity in 

the plume. 

 The profiles of the vertical velocity component and the buoyancy force are similar on 

each section of the vertical axis. 

This results in equations whose solutions contain details for the plume radius, the vertical 

velocity and the density in dependence on the height z. A reference for the temperature can 

be derived from the equation for density through simple conversion. The equation for the plume 

mass flow is made up of these equations. Verification of this equation is therefore possible 

indirectly via measurement of the velocity and the temperature. In addition, there is also the 

option of direct measurement of the plume mass flow. 

When examining the outlined interrelationships based on measured values, particular use is 

made of the fact velocity and temperature can be plotted via a compound variable (z/Q2/5). In 

this respect, two aspects are of interest - namely the form of the resulting curves (see Figure 

A 5.1) and the fact that none of the variables alone determines this form but the combination 

of the variables. The precondition for verifying validity is therefore a corresponding variation of 

this combined variable.  
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Figure A 5.1 Temperature development over the central axis of the flame and smoke gas 

plume 

Based on the results of the comparisons between the assumptions made and the experiments, 

it became clear that there are different ranges, and the above equation (A5.1) is only valid 

above the flame ("far-field"). To obtain corresponding approaches for the flame range, 

corrections were made based on theoretical considerations and additional experimental 

results. 

As can be seen from the formula for the mean flame height (see equation A5.13), this is a 

function of the heat release rate and the diameter of the fire source. In the flame zone ("near-

field"), the diameter of the fire source (influence of the fire surface) is not negligible and 

represents an additional length scale which should have an effect on the plume mass flow. 

Therefore, the above mentioned corrections, such as those included in the approaches of 

Heskestad [5.12], [5.14], [5.37], also include the diameter D of the burning area. As the rate of 

heat release increases with height inside the flame, the influence of parameter D at the foot of 

the flame can be very large. This is the starting point for the approach of Thomas and Hinkley 

[5.54], who developed a plume model for so-called "large fires", which depends only on the 

perimeter U of the source of the fire (U = x D). Originally, the scope of this formula was limited 

to heights of z < 1.77 D. Later, Hinkley was able to show [5.56] hat even for z < 8 D, there is a 

reasonable agreement with experimental results, although theoretical support has not yet been 

possible. However, this agreement depends on an exact determination of the fire diameter. In 

contrast, a study by Dembsey et al. [5.57], which compared data from nine different test series, 

showed that this approach requires modification, especially in the flame range, to achieve an 

agreement with the measured values and that the McCaffrey approach [5.58] provides good 

agreement. 
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The above-mentioned check based on temperature and speed measurements (see also Figure 

A 5.2) leads to the following subdivision of the areas above a burning surface, which are con-

sidered in McCaffrey's approaches: 

 The flame zone (near the fire) consists of a continuous flame and an accelerated 

flow of burning gases, 

 The intermittent flame zone is the area of temporary flame formation with almost 

constant flow velocity, 

 The smoke gas plume is an area with decreasing flow velocity and temperature 

with increasing height. 

In Figure A 5.2, the formation of the flame and the plume is shown schematically. In practice, 

the fire area is either considered a point source or a so-called virtual source point that is as-

signed to the smoke plume. The angle between the plume axis and plume cone is approxi-

mately 15°. It should be noted that the shape of the flame says nothing about the extent of the 

smoke gases flowing above. 

 

Figure A 5.2 Schematic representation of flame and plume formation according to [5.3], 

[5.36] 

The difficulties in evaluating the individual models are that the upward mass flow can either be 

measured indirectly, or the recording of the volumetric flow is very difficult, especially in the 

case of large fire sources, and is almost distorted by other influencing variables. In addition to 

the usual measurement errors, the measurement results are often affected by turbulent flows, 

which overlap the plume flow. 

Therefore, different plume formulas are used to calculate the smoke gas quantities of the 

plume (smoke gas column), which differ according to the location of the source of the fire (e.g. 

on the wall), geometric, dimensions or the structure of the fire source or the smoke gas source. 

A summary of these formulas can be found in British Standard BSI DD 240, Part 1, 1997: Fire 

Safety Engineering in Buildings, or Part 2, Commentary on the equations given in Part 1. A 

summary of these explanations can be found in Brein [5.50], which also summarised the 

application limits and error ranges. The table on application limits is added to chapter appendix 
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(Table A5.1). Notes on the application of the respective equations can be found in the further 

literature, e.g. [5.10], [5.12], [5.14], [5.16]. 

 

The term ceiling jet describes the relatively fast smoke gas flow in a flat layer below the ceiling 

of a fire zone, which is driven by the buoyancy of the fire gases. Starting from the point of 

impact on the ceiling above the source of the fire, the smoke gases spread radially until they 

reach the surrounding walls or boundaries. This spread pattern remains unaffected until a 

defined specific smoke gas layer is formed. However, this is usually the case in the initial phase 

of a fire. This period typically includes the triggering times of sprinklers after they are heated 

by the smoke gases flowing around them. 

Equations (A5.2) to (A5.5) can be used to calculate ceiling jet temperatures and flow velocities 

with respect to determining the activation times of sprinklers and heat detectors [5.6][5.8][5.9]. 

 
   

 

1/3

jet,t

Q
v 0,95

z
 f r

r

z
o 0,15  (A5.2) 


 

1/3 1/2

jet,t 5/6

Q z
v 0,2

r  f r
r

z
o 0,15  (A5.3) 




 

2/3

jet,t 5/3

16,9 Q
T T

z  f r
r

z
o 0,18  (A5.4) 



 
    

 

2/3

jet,t

5,38 Q
T T

z r
 f r

r

z
o 0,18  (A5.5) 

with 

Q  Heat release rate [kW] 

r  Distance of the sprinkler from the plume axis [m] 

jet,tT  Temperature in the ceiling jet at time t [°C] 

T   Temperature of the ambient air [°C] 

jet,tv  Gas velocity in the ceiling jet [m/s] 

z  Difference between ceiling height and height of the fire source [m] 

The constants are experimentally determined and show certain variations depending on the 

experimental boundary conditions. Since the above correlations are used to determine the 

triggering times of sprinklers, they contain numerical values of the constants at the lower end 

of the observable spectrum. This ensures that the time period until the trigger temperature is 

reached assessed conservatively. 

In order to determine the time-dependent temperature development at a sprinkler, only the 

time-dependent values of the heat release rate should be used. These values can be 

determined on the basis of known experiments or theoretical processes. From the above 

equations, location and time-dependent velocity and temperature can be obtained. It is 



5  Models for fire simulation 

146 / 464  Guideline engineering methods of fire protection vfdb TR 04-01 (2020-03) 

essential that a specific smoke gas layer has not yet formed, as this will change the 

temperature profiles. This occurs very quickly, especially in small rooms, and must be taken 

into account. The location of the fire source is also important, as the mixture with ambient air 

is reduced in the vicinity of walls or corners, which results in cooling reduction over height 

[5.10]. Another condition for applicability is the possibility of a relatively undisturbed radial 

propagation. If the flow is interrupted by strongly pronounced beams at the ceiling, or if 

channel-like flows occur for other reasons, the effects of the changed boundary conditions 

should be decided for each individual case; and it should be controlled if modified approaches 

with technical references are available for that. 

As the ambient temperature is not directly transferred to a grounded sensor and the sensor 

first needs to heated to the activation temperature, the temperature of the sensor slightly lags 

behind the development of the ambient temperature over time. The following equations can be 

used to take this delay into account [5.9]. 

        

  

 
           

 

1/ 1/

D,t t jet,t t D,t jet,t t jet,t

1
T T T 1 e T T e 1

 (A5.6) 

 

 

jet,t

RTI

v
 (A5.7) 

with 

RTI Response Time Index, measure for the sensitivity of the sprinkler [(ms)0.5] 

D,tT
 Sprinkler temperature at time t [°C] 

jet,t DtT  Temperature in the ceiling jet in the next time step [°C] 

Examples of the application of the above equations are given, for example, in [5.11].  

 

Whereas calculation of the temperatures in the ceiling jet based on the equations (5.20) to 

(5.23) is designed to permit statements on the activation behaviour of sensor elements or 

sprinklers, there are also other application areas such as the local heating of structural 

elements. Prediction of the thermal stress on the structure is relatively easy with almost 

homogeneous temperature conditions and can be described using a zone model. In very large 

and high rooms, however, the occurring temperature differences are considerable. This also 

applies to points of space within the smoke gas layer. This is illustrated using the example of 

a fire test in a combustion chamber with the internal dimensions 20.4 m x 7.2 m x 3.6 m and a 

ventilation opening measuring 5.0 x 1.4 m. In the test, two stacks of wooden ribs with a total 

weight of roughly 1,000 kg were used as the combustible load. The fire was recalculated based 

on the measured mass burning rate using the HARVARD VI fire simulation model. Figure A 

5.3 shows a comparison of the calculated temperature time curve with the measured 

temperatures at a height of 0.3 m above the floor and 0.3 m below the ceiling of the chamber 

roughly 5 m from the seat of the fire [5.11]. 

The calculated smoke gas temperature is roughly in line with the mean of the measured values 

found at around half room height. The temperatures are up to 170 K higher below the ceiling, 
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however. Based on the mean smoke gas temperature calculated using the zone model, 

therefore, the dimensioning of the structural elements in the ceiling area would be significantly 

on the insecure side. Equally, the temperature peaks in the vicinity of the seat of the fire (i.e. 

in the plume area) are also not taken into account. These local temperature maximums can be 

calculated using models for the calculation of plume temperatures that are based on the same 

concept as the plume and ceiling jet models. 

 

Figure A 5.3 Comparison of the temperatures measured in the fire test with the values from 

the calculation with HARVARD VI 

Numerous studies of international scope have been conducted in order to derive and underpin 

models for the calculation of plume temperatures [5.12], [5.14], [5.15], [5.16], [5.17]. Alongside 

the basic influencing factors like heat release rate and distance to the seat of the fire, other 

factors such as the influence of the fire area (or the spatial structure of the fire source), the 

occurrence of a pronounced smoke gas layer and the numerical values of the occurring 

constants have been investigated and determined. The following section first outlines model 

approaches that do not take account of the influence of a smoke gas layer and are therefore 

only applicable to this case - in other words, during the initial phase or outdoors. 

The Heskestad-Delichatsios model [5.15] (H-D model) is for calculating the temperature rise 

Tp in the cases without a hot gas layer: 

 






 
     

 

4/3
2/3

p

r
T T Q 0,188 0,313

z   (A5.8) 

 

 

  

    

r

1/2 5/2

p

1 Q
Q

c T g z
  (A5.9) 

with 

Q  Heat release rate of the real fire [kW] 


  Density of the ambient air [kg/m³] 
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pc  Specific heat capacity of the cold gas layer [kJ/(kgK)] 


T  Temperature of the ambient air [K] 

pT  Plume temperature [K] 

g  Gravity [m/s²] 

r
 Radiative part of the heat release rate [-] 

z  Vertical distance from the surface of the fire source to the calculation location 

[m] 

r  Radial distance from the Plume axis [m] 

This model offers the advantage of a common equation for the central axis (r = 0 m) and a 

radial distance r. Especially for the central axis with r = 0 m : 

 
  

2/3

pT 9,28 T Q   (A5.10) 

At an ambient temperature of 20 °C (293 K), the following simple formula for the Plume axis is 

used: 

    
  

2/3

r

p 5/3

1 Q
T 25,5

z
 (A5.11) 


  p pT T T

 (A5.12) 

For conversion to [°C], only the value of 273 K needs to be subtracted. 

These kinds of equations are only valid above the mean flame height and if the plume can form 

freely, i.e. is not located within a smoke gas layer. If we approach the flame area to the distance 

z, the calculated temperature values generally increase significantly and can assume 

unrealistically high values. Experiments have determined that a mean temperature of roughly 

900 °C is reached inside the flame. This value is somewhat surprising, as it is well below the 

adiabatic flame temperature, and it is the result of the turbulence occurring with diffusion 

flames. These turbulent fluctuations in the flow lead to fluctuations of around 38% around the 

mean temperature in question. The value of 900 °C therefore represents an average value that 

is accompanied by major fluctuations. It should also be taken into account that this value can 

certainly also depend on the fuel. Far higher values can also occur depending on soot 

formation and flame radiation. This is the case with flammable liquids, for example. In most 

cases, there is a more certain upper limit of 1,000 °C - 1,200 °C. Otherwise, it should be 

examined in each individual case whether an upper temperature limit of 900 °C is sufficient. 

Experimental results should be used as a basis for this decision. The mean flame height can 

be calculated in order to determine whether you are approaching the flame area [5.14][5.16]: 

   2/5

f fZ 0,235 Q 1,02 D  (A5.13) 

with 

fZ  Mean flame height [m] 

fD  Fire diameter [m] 
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Since the flames do not usually have an uniform temperature due to the cooling effects, 

approaches have been developed which consider this part of the plume in a different way 

[5.14], [5.15]: 

    2/5 2/5
2/5

p

Q
T 78,4 für 0, 8 Q0 0,20

z
Q

 (A5.14) 

    
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2/3

r

p 5/3

/5
1 Q

T 25,5 für 0,20 zQ
z  (A5.15) 

The expression  2/50,08 Q  limits the area directly in flames. Below this limit, the flame 

temperature is assigned. The validity of the above equations is limited to areas in which a 

defined smoke gas layer has not yet formed or measured by the room height; this is still of 

minor importance. 

Another parameter is given by the virtual origin z0. This virtual origin results from the 

consideration of a point source which have a finite extension at the height of the fire load 

surface (see Figure A 5.1). If this parameter is taken into account, the quantity z is replaced by 

(z - z0) in the corresponding equations, (e.g. plume mass flow or centerline temperature). There 

are also several approaches to determine z0 since the experimentally determined results differ 

according to the structure of the fire load. The clearest results are obtained for pool fires since 

there is a clearly defined horizontal surface (clear height). In the case of wood cribs, shelf or 

storage arrangements with horizontally and vertically aligned spaces, a significant proportion 

of the combustion takes place in the existing spaces; therefore, determination of z0 leads to 

different equations and thus to different results. Heskestad [5.14] recommends the use of a 

special formula. The comparison of the different formulae shows that corresponding error 

ranges can be expected here. 

However, the most important limitation of the equations presented so far for determining the 

centerline temperature is the superposition of local plume flow and smoke gas layer. By 

increasing the fire duration, a smoke gas layer is formed, which means the plume after 

penetration into these layers no longer mixes in cool ambient air but mixes with smoke gases 

with higher temperature. This reduces the cooling effect. Due to these interrelationships, the 

above formulas only apply outdoors or in the initial phase of a fire. 

In the case of a hot gas layer that has developed during the event of the fire, the above 

equations should be modified. After entry of the smoke gas column (plume) into the hot gas 

layer, it is no longer the ambient air with a relatively low temperature that is mixed in, but the 

warm or hot smoke gas. In this case, an approach for the plume centerline temperature is 

used, which takes these changed boundary conditions into account when the smoke gas layer 

enters. The basic concept of this approach is to replace the real fire source with a "virtual heat 

source", which has a different heat release rate and a different distance to the ceiling than the 

real fire source. 

The basis is the preservation of the enthalpy flow at the interface between the almost smoke 

gas-free layer and the smoke gas layer. Therefore, the smoke gas temperature Ts, the 

temperature of the cold gas layer T and the distance to the smoke gas layer zI,1 are required 

as additional parameters. These values should be determined with the help of fire simulation 

calculations. The application of this approach [5.17] is described below. 
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First, the heat release rate Q of the real fire source is converted into a dimensionless number. 



 


    

I,1 1/2 5/2

p I,1

Q
Q

c T g z
  A5.16 

with 



I,1Q  Dimensionless heat release rate of the real fire source [-] 

Q  Heat release rate of the real fire source [kW] 


ρ  Gas density of the cold gas layer [kg/m³] 

pc  Specific heat capacity of the cold gas layer [kJ/(kgK)] 


T  : Temperature of the cold gas layer [K] 

g  Acceleration of gravity [m/s²] 

I,1z  Distance of the real fire source to the interface between the upper and lower 

layer [m] 

Subsequently, the dimensionless heat release rate 

I,2Q of the "virtual heat source" is -

calculated, which replaces the real existing heat release rate and lies within a modified smoke 

gas layer. 

 
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  
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T T

1 C Q 1
Q

C C

 (A5.17) 

with 



I,2Q  Dimensionless heat release rate of the "virtual heat source" [-] 

TC  Constant (9.115) [-] 

  Temperature ratio of smoke and cold gas layer (Ts/T) [-] 

The distance zI,2 of the "virtual heat source" to the interface between the upper hot smoke gas 

layer and the cold gas layer is calculated with: 

       
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I,2 I,1 1/3 2/3
2

I,2 T I,2

C Q
z z

Q 1 1 C Q
 (A5.18) 

with 

2   0.913 (ratio of temperature to velocity in profile) [-] 

These quantities are used for a modified input to the centerline temperature or ceiling jet 

temperature. They also result in a modified room height H2: 

  2 1 I,1 I,2H H z z
 (A5.19) 
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and 

     1/2 5/2

2 I,2 s p s I,2Q Q c T g z
 (A5.20) 

s and Ts are the new ambient conditions with the values from the hot gas layer, where 

      3

0 0 s sT T 353 kg / (m K) const.
 (A5.21) 

From these values, the temperature under the ceiling (r = 0) is now calculated by inserting the 

new values into the following equation: 

    
  

2/3

r 2

p s 5/3

2

1 Q
T T 25,5

H
 (A5.22) 

The calculated temperature increase is added to the temperature Ts prevailing in the hot gas 

layer and results in the temperature under the ceiling above the source of the fire. 

If the temperature development at a distance r from the plume axis is calculated, a modified 

approach for the ceiling jet temperature is available [5.17]. 


 jet

C
T

r  (A5.23) 

   0 pC k r T
 (A5.24) 

     dk 0,68 0,16 1 e
 (A5.25) 

 0r 0,18 H
 (A5.26) 

       d2
3

1 e
 (A5.27) 

  jet s jetT T T
 (A5.28) 

with: 

 jetT  Temperature difference between ceiling jet and hot gas layer [°C] 

jetT  Ceiling jet temperature [°C] 

sT  Smoke gas temperature [°C] 

H  Distance between fire source and ceiling [m] 

d  Thickness of the smoke gas layer [m] 

  Constant (0.44) [-] 

Even with these modified approaches, the boundary conditions should be taken into account. 

Just like the approaches without consideration of the smoke gas layer, attention should be paid 

to the spread and location of the fire source. For example, in the case of fire sources near a 

wall or a corner, the mixing ratios in the plume change, which leads to changes in temperature 

profiles.  
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Table A 5.1 Summary of Plume formulas according to BSI DD 240:Part1:1997 Fire Safety Engineering in Buildings. Guide to the application of fire 

safety engineering principles and Part 2:1997 Fire Safety Engineering in Buildings.  

 

Line Geometry 
Other conditions,  

scope of validity 
Formula 

Range of  

according to  

BSI DD 240: 

part 2:1997 

Comment 

1 
Axial symmetry, pool fire, small 

fire surface, no wall influence 

D  z / 10 

z >> zfl 
    

5/31/3

e P 0m 0.071 Q z z  0.7 ... 1.5 

Influence of ambient 

turbulence 

+ 20 % to + 50 % 

2 

small fire surface, also deviating 

from axial symmetry, no wall 

influence 

Length < 3 x width (in 

relation to the base area) 
  1/3 5/3

e Pm 0.071 Q z  not specified 
Simplification; without 

virtual origin 

3 flow adjacent to flat wall 
D  z / 10 

z >> zfl 
  1/3 5/3

e Pm 0.044 Q z  0.6 ... 1.6 

Influence of ambient 

turbulence  

+ 20 % to + 50 % 

4 flow adjacent to wall corner 
D  z / 10 

z >> zfl 
  1/3 5/3

e Pm 0.028 Q z  0.5 ... 2.0 

Influence of ambient 

turbulence 

+ 20 % to + 50 % 

5 

Axially symmetric smoke gas 

column, large fire surface, round 

or square 

D > z / 10 (i.e. 

up to limited heights) 

z < 2.5 x U 

200 < q < 750 [kW/m²]. 

  3/2

em 0.188 z U
 

(Gl. 31 DD 240:part 1:1997) 

  3/2

em 0.337 z U  

(small rooms, prEN 12101-5) 

0.75 ... 1.15  
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6 Line source 

Length  

D > 3 x width of narrow 

side  

zfl < z < 5 x D 

   1/3 2/3

e Pm 0.21 Q D z  0.86 ... 1.36 

Application limit of 

z  2 x D, for z  5 x D 

Gl. after line 2 

7 Line source 

Length  

D > 3 x width of narrow 

side  

z > 5 x D 

  1/3 5/3

e Pm 0.071 Q z  not specified  

8 
Plume over fire zone opening 

(1); mass flow from fire zone 
bF / L  1    

1/3
2

e P Fm 0,09 Q b h  0.7 ... 1.1 

Developing fire (pre-

flashover); 

 bF / hF 1 

9 

Plume above fire zone opening 

(2), mass flow sucked into the 

plume above the opening 

bF >> h,  

for other opening 

geometries etc. see 

NFPA 92 B 

    1/3 2/3

e P F Fm 0.23 Q b (z h)  0.7 ... 1.5 

free smoke gas,  

when leaning against a 

upright wall 

reduce 
em by 1/3 

10 

as above, but with balcony and 

smoke barriers outside the fire 

zone 

lRS >> hB      1/3 2/3

e P RS B Bm 0.36 Q l (z 0.25 h )  0.7 ... 1.4 see comment (+++) 

11 
as before, but without smoke 

barriers 
      1/3 2/3 B

e P F B B

h
m 0.36 Q (b b ) (z )

4
 0.7 ... 1.4 see comment (+++) 

(+++) Comment on lines 10 and 11: 
At higher levels, it is assumed that the flow becomes axially symmetrical. When z > 5 h or z > 3 hB, the equation according to line 1 can be used if this leads to a 

conservative result (i.e. a larger value). However, if the criterion for risk assessment is smoke gas temperature or smoke concentration, then the lower value  is 
used to obtain a more conservative solution. However, the latter comments are independent of the confidence interval of the parameters mentioned in the table.
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DESCRIPTION OF THE EXPERIMENTAL MODELS 

 General Information 

With regard to the experimental models, a distinction is made between investigations on 

scaled-down models and specific experiments on a 1:1 scale. 

 

Figure A 5.4 Overview of the experimental models 

The representation of a fire event with the aid of an experimental model is not about 

reproducing the fire itself but rather about the investigation of the fire-influenced airflow beside 

the investigation of smoke gas distributions and smoke gas flows in buildings and the design 

of smoke extraction systems. 

The flow processes in the building during a fire are essentially determined by the thermal jet 

(plume) developing above the source of the fire, which acts as a nonisothermal free air jet in 

the room. 

Unlike isothermal free jets, where the increase in volume caused by induction is directly 

proportional to run length, with warmer jets (in relation to the surroundings) the volume 

increases disproportionately to the run length of the jet. Even though the term "nonisothermal" 

refers to an unequal temperature, the difference in density with its buoyancy effect is the 

decisive criterion. The exponent of the mass increase with an anisothermic free jet over the 

distance was set at approximately 5/3 determined in [5.37], [5.40]. Several tests showed that 

this applies equally to thermal jets of lower and higher overtemperatures [5.41], [5.42], [5.59], 

[5.60]. 

Simulations with experimental models can be carried out by simulating the thermal jet or by 

real fires reduced to scale. 

 

The aim of using experimental models is the clear visualization of the smoke, which should be 

as similar as possible to real events, on a realistic model. Ideally, the model should show 

identical instantaneous images as in reality for the smoke gas distributions characterised by 

mixing, dispersion processes, inflow and outflow of the gases - only reduced or enlarged in the 

length scale with regard to all three dimensions, shortened or stretched in the course of time 

and correspondingly in other scales.  

In the theory of similarity, mechanical similarity is when – with the exception of proportionality 

of the external measurements in all three dimensions and proportionality of surface properties 

– proportionality is present for all mechanical parameters involved in the flow [5.42], [5.43]. 
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The laws of model experiments and, consequently, the rules for the implementation and 

evaluation of model experiments, are obtained from relationships between the values which 

describe the physical process under consideration. For the nonisothermal, turbulent flows 

present in a fire, these include the differential equations of: 

 Motion and 

 Energy 

The equations of motion represent the equilibrium of forces related to a unit of volume. 

Dynamics (motion) is the consequence of acting forces. Equal force ratios (i.e. quotients) of 

friction, inertia, and acceleration forces lead to similar movements. 

The same applies to the balances for energy flow (heat transfer, heat conduction, heat 

conversion through viscosity). In the energy equation, the equilibrium of the heat output per 

unit volume is shown by transport and conduction, and in the heat transfer equation, the heat 

transferred per unit area corresponds to the heat flow transported in the boundary layers. 

By forming ratios with two balanced values of force or fluid (of the same unit) in each case, 

dimensionless values are obtained, the so-called “dimensionless numbers”. These determine 

the similarity of the processes they characterise. If in the example of the three values which 

influence motion – drive (e.g. buoyancy, pressure, gravity), inertia and friction – two of them 

are added to the ratio of forces, the third, neglected, type of force must therefore play 

something of a minor role.  

Table A 5.2 Dimensionless numbers from the field of dynamics and their meanings 

Type of the forces Quotient Name Application 

Compression: Inertia 
 2

p
Eu

w
 

Euler 

number 

Pressure differences,  

e.g. suction 

Inertia: Gravity 


2w
Fr

g L
 

Froude 

number 
negligible gas density 

Buoyancy: Inertia 







  
 




 

2

2

g L
Ar

w

T Tg L
Ar

Tw

 
Archimedes 

number 

Relevance of density 

differences, e.g. Plume 

Buoyancy: relative 

inertia  

  
 


2

g L
Ri

w
 Richardson 

number 

Stability Gas stratification 

for media with the relative 

velocity 

Inertia: Friction 
 

 
  

w L w L
Re  

Reynolds 

number 

Turbulence behaviour 

Flow 

 

Equations of motion and derived quantities 
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For areas of powerful acceleration, where friction can be ignored, all ratios which put a drive 

value into relation with inertia are relevant – for example, the Euler number Eu with drive from 

external pressures and the Archimedes number Ar with the buoyancy dominant in the plume 

area.  

If the driving force decreases compared to the frictional force, the ratio of forces between inertia 

and friction will thus characterise the motion and turbulence of the flow. This is expressed by 

the Reynolds number Re. Large Re numbers mean a rather turbulent flow; small Re numbers 

mean a laminar flow, with the transition area for free jets set at 3000. Here, the “thermal plume” 

of the fire plume is always regarded as a turbulent free jet; area fires and the vicinity of larger 

fires almost always exhibit turbulent flow behaviour.   

Energy equations and derived quantities 

From the energy equation follow primarily the Grashof number Gr and the Prandtl Number Pr, 

with the heat transfer equation providing the similarity criterion according to Nusselt Nu.  

Table A 5.3 Dimensionalless numbers from the energy sector and their meaning 

Meaning of the forces Quotient Name Application 

 
  
 

2
Buoyancy Inertia

Inertia Friction  







  
 




 



3

2

3

2

g L
Gr

T Tg L
Gr

T
 

Grashof 

number 

Free convection flow on 

surfaces 

Toughness: Thermal 

conductivity 

 




pc
Pr

 

Prandtl 

number 
Free and forced convection 

Transp. heat quantity: 

Heat dissipation 

 




l
Nu

 

Nusselt 

number 
Forced convection 

 

Above the combustion zone of a local fire, so-called thermal plume occurs, which is also 

referred to as the “similarity area”. The thermal plume (like non-isothermal free jets in general) 

is similar to itself, i.e. at sectional planes at various heights, profiles for velocity, temperature 

increase and concentration will always be similar across the sectional plane, which expands 

with height. In addition, the sectional planes of smaller fires are similar to those of larger fires, 

only at a different plume height, with a different amount of expansion and different peak values. 

The decrease in the maximum value located on the plume axis takes place in line with [5.51]. 

temperature increase:    2/3 5/3T Q h  (A5.29) 

velocity:   1/3 1/3w Q h  (A5.30) 

One can compare the temperature increases in the plume of two fires with each other or the 

same fire at different heights by forming the temperature increases coefficient 






T

T *
M

T
; 

therefore, this temperature ratio can be expressed by the energy ratio Q

Q *
M

Q
and 

the length ratio ( L

h *
M

h
the  "length scale") 
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



    
       

    

52
3 3 52

3 3
T Q L

T * Q * h
M M M

T Q h *  (A5.31) 

The same can be done with the velocity, by 

  
      

   

11
33

Q

w

L

Mw * Q * h
M

w Q h * M
 (A5.32) 

Or by: 

      L
w

t

Mw * h * t h * t
M

w t * h h t * M  (A5.33) 

which requires a "time scale" 
tM for illustrating the thermal plume: 


 

1 4
3 3

t Q LM M M
 (A5.34) 

For demonstrating fire smoke in the experimental model, the source of smoke generation and 

all buoyancy-induced air flows are of particular importance. It means the Archimedes number 

is of primary importance and should have the same value in the model as in reality (with the 

same reference value and the same location). 

The following formula is always true for the thermal plume of fire, 

 
    

2 2 2 2
3 3 3 3

Ar Q L L QM M M M M 1
 (A5.35) 

which means that the Archimedes number is a constant for all local fires [5.43],[5.60]. 

 

Even with the application of hot smoke or light gas 14- despite a flow profile which, when 

introduced by a machine at the outlet, usually differs from the flow profile of the non-isothermal 

free jet – a fully-developed flow profile of an anisothermal free jet occurs after a certain distance 

and obeys similar laws to the plume above the combustion zone. In order to transfer volume 

flows, time scales and density (or temperatures) from the events of the model to a particular 

fire, the Ar number for the model and the fire must be set equal at relevant points [5.46], [5.62].  

This applies in particular to the source area of the smoke development. For the introduction of 

fire gases by a machine, a fire with pyrolysis, flames and combustion is faded out 15. Hence 

there is an interface between the faded out fire and the plume of smoke gas which is produced. 

Here the density difference, outlet volume flow and the associated outlet area or initial 

momentum – in relation to the chosen length scaling of the model enclosure – must be taken 

into account. Thus the actual area to be reproduced only begins considerably above the outlet.  

The time scale and the associated scales of velocity, volume flow etc. result from the chosen 

scale of length of the model and another appropriate relationship (e.g. equal density for light 

gas). 

                                                           
14 When using light gas, the flow should be fully turbulent. 
15 When using light gas and elongated buildings, the heat transfer conditions are insufficiently taken into 

account. 
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Even with the 1:1 model and reduced heat release compared to the real fire, similarity in smoke 

production (with more considerable errors in the area of heat transfers) can be reconstructed 

with a scale factor for time derived from compliance with the Archimedes [5.59], [5.60],[5.63], 

[5.64]. 

The plume equations are also used for allocating a heat release equivalent to this model fire 

for the real scale scenario which, under consideration of the derived time scale and the 

specified length scale, would result in comparable mixing behaviour, smoke gas volume etc. 

Unfortunately, numbers describing other relevant aspects (turbulence, heat transfer) cannot 

be adhered to at the same time. References for different model-related boundary conditions 

are suggested in [5.43]. 

 

Models should be designed in a way that all details influencing the flow are represented on a 

real scale. This requires very careful model construction since deviations in geometric similarity 

can have a very strong effect on the transferability of the results. This also concerns the area 

of the fire to be simulated [5.46], [5.54]. 

Through various applications, which began in the 1960s and 1970s [5.52], [5.54], it has been 

proven that in free, turbulent flows, the Re-number remains of minor influence, and above all, 

the variables describing the flow process Ar number, and the system boundary Eu number 

must be observed. It is a necessary condition for investigations of flow processes in models 

with the reduced scale that the flows are fully turbulent both in nature and in the model. For 

this purpose, Re > 10,000 for models with reduced scale has proven to be the best choice.  

In order to fulfil this condition, the models for the investigation should be as large as possible. 

The model scale M  1:20 (1:30 for very large buildings) has proved to be an empirical value, 

where room heights in the model should not be less than 300 mm. For smaller models M < 

1:20, large deviations between natural and model flow are expected, which usually leads to an 

over dimensioning of the smoke extraction [5.46]. 

An exception is the flow situation in building aerodynamics because due to separation effects 

on sharp-edged building models, the total flow in the wind tunnel can be considered as 

turbulent, and no large temperature differences need to be considered [5.44], [5.46]. 

Table A 5.4 Fire effects in the original and in the model 

Fire effect Realizable in the model (scaled down) 

Real temperatures Yes, temperature fields are similar; with scale sizes < 

1:10 associated with higher uncertainties 

Heat release Yes, it can be converted 

Smoke gas flow Yes, Plume equations apply with consideration of the 

model scale 

Smoke gas propagation Yes, the similarity of the flow processes 

Inflow and outflow gas Yes, as long as comparable boundary conditions to the 

environment are maintained 

Flame formation Yes, 1:5, flame height, temperature and flow in the 

flame (only for models according to 5.4.6.1) 

Low smoke layer Yes, observation 

The heat load of structural 

components 

no 
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For the investigation of wind influences, the model should be investigated in a boundary layer 

wind tunnel. Here, the size of the wind tunnel generally determines the size of the models. 

Typical model scales are 1:50 and 1:100 for very large buildings. It means, to a certain extent, 

the effects on internal flows of the room can be qualitatively represented [5.64].  

During the smoke observation, smoke or a fog fluid (long-lasting fog) is added to the simulated 

fire event. The quantification, e.g. of the height of the low-smoke layer, is done visually. The 

local dilution of fire gases can be quantified using the trace gas method. For fire tests on 

reduced-scale models, the smoke propagation can also be checked by means of temperature 

measurement.  

 

In the following, some specific features of different models will be discussed. For the model 

types with hot air jet and light gas, see the following references [5.62], [5.67], [5.68]. 

 

If the fire is scaled in true scale, the temperature behaviour at a similar point in the model and 

the real fire should be identical, then the heat release of the model must be scaled according 

to the length scale of the model with 

TM 1  


5

2
Q LM M

 (A5.36) 

If the heat release is specified according to eq. (A5.36), the scale for time follows the model 

scale directly (length scale), and consequently, the scales for velocity and volume flow [5.43]  


1
2

t LM M
 (A5.37) 


1
2

w LM M
 (A5.38) 


5

2
LV

M M
 (A5.39) 

Especially for the small-scale low-energy fire, with the maintenance of the temperature 

increase in the thermal plume, far-reaching parallels to the large fire event must be established. 

For this purpose, length scales of less than 1:10 (better 1:5 and smaller) should be observed 

since the combustion area cannot be scaled and the combustion zone in the model exceeds 

the analogous dimensions in the original [5.42]. 

Checks at different measurement locations show that the Ar, Fr and Eu numbers for the model 

can be kept within the limits of -15 % to 25 % deviation from reality. For [5.42] the "method of 

approximate modelling" [5.65] is applied, which means that, depending on the objective, the 

relevant significant similarity numbers should be considered. 

 

Object-specific smoke tests can be carried out after the completion of a building to test the 

fluidic effectiveness of smoke extraction systems. 

Practical testing as a functional test of smoke extraction concepts under realistic fire conditions 

is generally ruled out. Only model tests can be carried out in the building, which should provide 

results as close to reality as possible. 
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For practical testing of smoke gas flows in the building, heated air or open pool fires with liquid 

fuels or gas burners can be used. To visualize the smoke gas flows, aerosols from fog fluids 

are usually added above the flame zone. Detailed information on acceptance tests can be 

taken from the technical report of the vfdb [5.47] or the VDI guideline 6019 part 1 [5.53]. 

The following boundary conditions must be observed for carrying out such tests: 

 All equipment necessary for the function of the smoke extraction system (e.g. 

air supply openings, smoke barriers, alarm systems, backup power supply, 

door controls) should be installed and functional and should be operated 

according to the intended function during the performance of the test. 

 Details in the building and installations that influence the smoke gas flow (e.g. 

guard rails, sun protection devices) should be available or carefully 

reproduced in terms of flow technology. 

 Ventilation and air conditioning systems should be available as planned and 

operate according to the concept of smoke extraction. 

 The building envelope and the elements closing the openings should be 

completely available and functional. 

The tests should be adequately documented.  

The following procedures are available for carrying out object-specific acceptance tests: 

 Heated air (up to approx. 150 kW heat release) 

 Heated air (up to approx. 1.5 MW heat release with gas burners or pool fires) 

For extrapolating to fires with higher heat release, transfer functions from the similarity theory 

of fluid mechanics should be applied [5.43]. 

 

The simulation of atmospheric wind flow is not possible in the wind tunnels of aerospace 

engineering. The field of structural aerodynamics, which emerged in the 1960s, necessitated 

the development of a new type of wind tunnel, which is the boundary layer wind tunnel. In this 

wind tunnel, the atmospheric wind boundary layer, described by the profiles of the mean wind 

speed and the turbulence intensities, as well as the spectrum of the turbulence energy. 

Boundary layer wind tunnels always have a start-up section, in which suitable roughness is 

applied to the wind tunnel floor. More details about boundary layer wind tunnels and the 

simulation of atmospheric wind flow can be found in [5.45] and [5.46]. 

For considering the influences of wind, it is important to scale the size of the turbulence bale 

(by gustiness) at least approximately according to the applied building scale. The similarity 

index for considerin this effect is the Jensen number: 


0

h
Je

z
 (A5.40) 

with: 

h : Building height 

0z : Roughness parameter 
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For modelling, the atmospheric wind flows in the wind tunnel, refer to the booklet of the wind 

technology association (Windtechnologische Gesellschaft -WtG) [5.46]. 

 

The experimental models are particularly suitable for the creation of smoke extraction concepts 

and for the evaluation of smoke gas flows in buildings - even with complex structures. The 

buildings or rooms under investigation should be reproduced in a similar manner on the 

appropriate scale, including all details relevant to the flow. In addition to the geometric 

similarity, the physical similarity should be maintained. 

The similarities describing the flow processes, which can be derived from the above equations, 

for motion, energy conservation, and heat transfer for free turbulent flows. This also sets the 

aforementioned limits on the model scale. In addition to the necessary experience of the 

modeller, e.g. with regard to the formation of the required turbulent flows on the model, precise 

knowledge of the boundary conditions and input data is necessary - e.g. to the extent that the 

simulation - in contrast to zone and CFD models - can only be started in the plane above the 

flame peaks (flame peaks must always be below the smoke gas layer). For a scaled-down fire, 

the combustion zone is modelled approximately. 

The heat dissipation to components is not represented in the experimental models according 

to reality - they are therefore not suitable for determining component temperature! Model 

investigations and comparisons with experimental models, zone and CFD models as well as 

original fire tests showed a relatively good agreement with regard to smoke gas flows, 

temperatures and stratification for the scenarios investigated. 

The main advantages of the experimental model investigations lie in their very clear 

presentation of the results, the parameter changes that are easy to make with regard to the 

flow conditions and effective structural parameters on the model body, with the immediate 

evaluability of their influences on the result. 

Like mathematical "models", a model is always the representation of a real event with certain 

restrictions, simplifications: i.e., selected phenomena should be considered and investigated, 

and the other parameters can be neglected (e.g. the thermal destruction of components). 
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EXAMPLES OF CALCULATIONS WITH MATHEMATICAL MODELS 

A5.3 Preliminary remarks 

The following sub-chapters have a variety of functions. On the one hand, they are intended to 

provide an overview of comparative calculations but also to give hints on error ranges and 

limits for the application.  

 

In the following, the equations given in Annex A5.1 are used to determine the ceiling 

temperatures above the fire source in pool fire tests with ethanol. These are tests which were 

carried out in a fire zone with a floor area of approx. 40 m2 and a room height of approx. 6.20 m 

[5.18]. In the carried out tests, the size of the ethanol pool and the heat release rate and the 

position of the pool in the fire zone were varied. In addition, the ventilation was changed via 

windows in the walls or via horizontal openings in the fire zone ceiling. Furthermore, the 

influence of different window materials was investigated: 

 

Figure A 5.5 Measured and calculated ceiling temperature in a pool fire, the left figure ap-

prox. 1 MW firepower; corner position of the fire source, the right figure approx. 1.8 

MW firepower; fire source in the middle of the fire zone [5.18] 

Tests with 120 l of ethanol were carried out in two adjacent bathtubs with a total surface area 

of 1.5 m2 The result was a fire output of approx. 1 MW. For further tests with the firepower of 

approx. 1.8 to 2 MW, a fuel quantity of 200 l ethanol in a 3 m2 bathtub was used. The height of 

the burning surface was approx. 0.7 m above the floor of the furnace. Figure A 5.5 shows the 

results of the calculations [5.18]. The calculated values are marked as "normal" temperature 

without taking the correction into account. 

It is shown that the consideration of the correction is necessary to achieve an adequate 

description of the temperature level. 

Further comparisons of the calculated temperatures with the measured values from large fire 

tests [5.17] show that the above approach approximates the test values well (Table A 5.5). 
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Table A 5.5 Comparison between measured values and formulas 

Q  [MW] Tp Measured value [K] Tp Eq. (A5.22) [K] 

7.7 102 98 

15.7 116 126 

33 222 217 

Another interesting comparative test is provided by the experiments in a hall with 144 m x 65 

m x 28 m (L x W x H) dimensions [5.70]. Here, wooden pallets used for fire load (approx. 3,500 

kg). In this experiment, temperatures were measured at various locations above the source of 

the fire at the height of between 10 m and 22 m. Due to the size of the hall and the existing 

smoke and heat extraction systems in the roof, the average smoke gas temperature in the time 

range of the maximum fire load was between 40 °C and 60 °C, but the temperature values in 

the area close to the fire were significantly higher. Another important aspect of this comparison 

is, although the rate of combustion was measured, it is subject to considerable fluctuations. 

For the calculation, an effective heating value should be assumed in order to specify the heat 

release rate. This effective heating value was determined by tests from the cone calorimeter 

at 12 MJ/kg.  

Figure A 5.6 shows the comparison of the measured temperature values with the calculated 

temperature values. The formulas, according to Appendix A5.1, were used here. Although the 

heat release rate assumed for the calculation is subject to errors, a remarkably good 

agreement can be seen in the results. 

 

 

Figure A 5.6 Comparison of the temperature development at different heights above the 

source of the fire in the experiment and after calculation 
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From these comparisons with the measured values of fire tests, the following conclusions can 

be drawn for the application of the presented equations. The comparisons with the temperature 

values or temperature profiles determined by experiment show that the calculated 

temperatures on the plume axis are in no way fictitious – they represent the maximum 

temperatures in the section of the fire area indicated by the measuring grid. As these grids 

cover a section of the area several cubic metres large, one should certainly not imagine these 

maximum temperatures as being confined to one spot.  

In addition, the individual measured values themselves (Table A 5.5) represent average values 

over a certain measuring interval, with the fluctuations down to the turbulent structure of the 

flow in the plume area. For the design of structural elements, it must therefore be checked 

whether average temperature values or the local maximum temperature, which can be 

calculated using the above equations, is used. This is particularly advisable for frame members 

or trusses as part of complex supporting structures. The use of average temperature values 

must be justified on an individual basis.  

Experiments conducted in a large hall of the Underwriters Laboratories provide a large number 

of possibilities for comparison [5.71]. The special feature is that a ceiling panel with approx. 30 

m x 30 m dimensions can be adjusted to variable heights. Figure 5.10 below shows a 

comparison between experiment and calculation for test-4, which was carried out at a ceiling 

height of 7.6 m and a heat release rate of approx. 4 MW (at maximum). The above-mentioned 

equations were used here. In contrast to the previous study, this one includes a comparison 

of the temperature developments at different distances from the fire site. This is expressed by 

the numbers shown in the caption (Figure A 5.7). 

The exact boundary conditions for the ones presented here can be taken from the literature 

given.  

 

Figure A 5.7 Comparison of the temperature developments in the experiment and calculation 

at different distances from the fire location (2.1 m, 4.7 m, 7 m and 11 m) 
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For the evaluation of models, suitable experiments for comparative calculations are necessary. 

With regard to the experiments, it is easy to formulate high requirements regarding the scope 

of the measurement and the reproducibility, but this is the ideal situation. Unfortunately, such 

experiments, if exist, are available on a very limited basis. Often a limited selection of 

measurements is available. The comparative calculations should, therefore, be limited to these 

results. 

In addition to these metrologically oriented criteria, there are other cases, e.g. the informative 

results of the experiment with regard to the practical application, i.e. evaluating the same or 

similar boundary conditions in practice repeatedly. A further criterion is whether the 

experiments or examples are suitable for producing the results of different model types. 

In the following, an attempt is made to give the first combination of such experiments and 

exemplar calculations. According to the available data, the minimum information is: 

 geometry, 

 inlet and outlet air openings, 

 information on the fuel and the course of the fire, 

 information on the temperature level, and 

 information on the height of the low-smoke or smoke-free layer. 

Two fire experiments were selected for the evaluation of atria or halls.  

Experiment 1 

The experiment took place in an atrium with (L x W x H) 30 m x 24 m x 26.3 m size, in which 

a pool fire generated with the firepower of 1.3 MW [5.32]. The inlet air opening is 3.2 m2, and 

the SHEVS in the surrounding walls has 6.4 m2 area. The measurements during this fire test 

were very extensive, and the values for temperature and smoke-free layer are available with 

good accuracy. The results of the comparative calculation are shown in Figure A 5.8. It shows 

that the experimental results are reproduced with sufficient accuracy, and the differences are 

shown mark the error. 

 

Figure A 5.8 Comparison of the results from the experiment and calculation, left figure: 

smoke-free layer, right figure: mean smoke gas temperature 
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Experiment 2 

The second experiment took place in an aircraft hangar (90 m x 54.2 m x 15 m, L x W x H) 

[5.33], in which two different fire courses were investigated. Within this room, an area was 

separated by smoke barriers (20 m x 21 m), which decreased the height to 12 m. Due to the 

slight roof curvature, a smoke reservoir with 2.5 m - 3 m height is created. The inlet air opening 

area in these experiments was 16 m2, and the smoke extraction area in the roof was 68 m2. 

The following results were recorded: 

 Scenario 1 (4 MW):  Temperature 50 °C - 55 °C, 

 Scenario 2 (36 MW):  Temperature 165 °C - 180 °C. 

Unfortunately, no exact determination of the smoke-free layer was made, but the observation 

showed that in both cases, the smoke gases remained within the reservoir. The values 

calculated with CFAST are shown in Figure A 5.9. 

 

Figure A 5.9 Calculation for the two fire scenarios (4 MW and 36 MW), left figure: the 

thickness of the smoke-free layer (Z1, Z2), right figure: Average smoke gas 

temperature (T1, T2) 

You can see that the calculated temperature values are at the upper limits of measured values 

or slightly above them. With regard to the smoke gas layer, it can be seen that the smoke gass 

extend to a height below the reservoir, i.e. the smoke-free layer is slightly lower than in the 

experiment. Therefore, the predicted calculation results are on the safe side. 

These examples can be supplemented by others, and they show that the zone models provide 

acceptable results under these boundary conditions with limited areas (see above).  

The following systematic application limits can be derived from the experience documented to 

date: Application limits of zone models are reached in rooms, where the ratios of the spread in 

the three-dimensional space are below or above certain values. Furthermore, in very high 

rooms and under boundary conditions, inflow air or other dominant flows have significant 

influences. For a detailed discussion of the restrictions, please refer to the corresponding 

chapters of the zone model in the Technical Reference Guide of the CFAST [5.74], which deals 

with these questions in an exemplary manner. Part of these restrictions can be derived from 

the basic assumptions of the utilized submodels (see Appendix). For example, the utilized 

submodel for overflow into other rooms prevents a subdivision into very small zones since the 

submodel is not suitable for this purpose [5.74].  
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Unfortunately, exact delimitations cannot be given up to now since relevant experiments are 

missing. The application limits can be approximated by comparative calculations. This is 

demonstrated by two examples. 

A5.4 Example validation PRISME DOOR 

 

The experiments for the DOOR series (1-5) of the OECD PRISME project [5.81] were carried 

out in rooms "Room 1" and "Room 2" of the DIVA test facility. This test facility is located in the 

JUPITER facility, which has a volume of 2,630 m³. Figure 5.10 shows the three-dimensional 

conditions in which the tests were carried out. Tests 3, 4 and 5 of the test series (PRS_D3, 

PRS_D4, and PRS_D5) were evaluated. 

 

Figure A 5.10 View of the DIVA test facility 

Each of the lower, cube-shaped rooms has a volume of 120 m³ with the clear dimensions of 6 

m x 5 m x 4 m and is connected to a complex ventilation system, which aerates and deaerates 

the rooms controlled via inlet (supply air) and outlet (exhaust air) channels. For the DOOR se-

ries, the doors between the two rooms involved in the experiment (Room 1 and Room 2) were 

open. Each door openings size is 0.8 m x 2 m and is located in the middle of the partition walls.  

The air exchange rate in the tests PRS_D3 and PRS_D5 was 4.7 1/h and 560 m³/h for both 

rooms - fire and target room - respectively; in the test PRS_D4, the value was 8.4 1/h and 

1,000 m³/h respectively. A rectangular area was modelled as the source of the fire, approxi-

mately corresponding to the pool size used in the test (see Table A 5.6). 

Table A 5.6 Pool size and air exchange rate during the PRISME-DOOR trials PRS_D3, 
PRS_D4 and PRS_D5 

Trial Pool size Air exchange rate 

PRS_D3 0,4 m² 4.7 1/h or 560 m³/h 

PRS_D4 0,4 m² 8.4 1/h or 1,000 m³/h 

PRS_D5 1 m² 4.7 1/h or 560 m³/h 

For the "open" comparison calculations, the time courses of the heat release rate (HRR) de-

termined in experiments were known. A value of 45 MJ/kg was used as heat of combustion 

(HOC). Figure A 5.11 shows the heat release rate for the simulations. 
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Figure A 5.11 Predefined time curves of the heat release rate (HRR) for the experiments 

PRS_D3, PRS_D4 and PRS_D5 - open simulation 

 

The following Table 5.17 shows the simulations performed with the Fire Dynamics Simulator 

(FDS). The results of simulations with FDS version 4 [5.84], version 5 [5.85] and version 6 

[5.86] are presented and discussed in the following sections. 

Table A 5.7 Simulations performed 

Trial Type Comment 

PRS_D3 

PRS_D4 

PRS_D5 

Open 

HRR determined with IRSN proposal 

("mechanical method", HOC = 45 

MJ/kg); 

volume flows (Inlet/Exhaust) specified 

as the boundary condition 

FDS version 4.0.7;  

FDS version 5.5.3 

and  

FDS version 6.0.7 

HOC: Heat of Combustion 

 

The fire simulation model FDS was used without changing the default settings of the respective 

versions. For the calculations, the temperatures at time t = 0 were measured in the test and 

were taken as starting temperatures. Objects and enclosure components were thermally 

considered, and for the one-dimensional heat transfer calculation, the thermal conductivities 

and the specific heat, if available, were taken as temperature-dependent material properties. 

For the simulation of the gas phase, a 10 cm grid was used. Controls with finer grids did not 

show any significant change in the calculated quantities. The calculation of heat conduction 

into solids is carried out with a much finer grid independent of the gas phase. 
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Figure A 5.12 shows the used model of the fire and target room with the liquid pool and the 

inlet and outlet ducts came into the rooms from the top. Furthermore, the examined safety-

relevant objects can be seen on the walls in the upper and lower areas of the rooms. The ana-

lytical cables (PVC bars) are shown in red, and the real cables in green as cubes.  

 

 

Figure A 5.12 Model of the fire (left, L1) and target (right, L2) room 

Table A 5.8 lists the investigated and evaluated measured variables. Although pressure meas-

urements were also carried out, the results on both the test and the simulation were wrong or 

unrealistic, so this variable was not evaluated. 

 

An evaluation of the results of the DOOR series is based on the approaches from Chapter 

1.4.2. The evaluation of the accuracy of numerical predictions is carried out based on the 

weighted combined expanded uncertainties UCW of the experimental and numerical 

measured quantities. Table A 5.8 shows the evaluated measured quantities and the 

specifications for the investigated experiment PRISME DOOR UCW, PRS. For the evaluation, a 

data limit was assumed with respect to the evaluation quantities PEAK and NED. Data were 

excluded from a further evaluation that was outside the interval [-1;1] for PEAK and outside 

the interval [0;1] for NED. For this investigation, the data that can be inconsistent in the 

experimental execution or in the model formation in the CFD fire simulation model should be 

excluded. 

Table A 5.8 Evaluated measurements and assumed uncertainties for PRISMEDOOR, UCW,PRS, 
number of evaluated variables 

 Evaluated measures UCW, PRS (%) Number of evaluated 

variables 

CO carbon dioxide concentration 9 73 

CO2 carbon monoxide 

concentration 

9 58 

FLR Heat flux density Radiative 20 106 
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FLT Heat flux density Total 20 197 

O2 Oxygen concentration 9 74 

TG Temperature Gas phase 15 1446 

TCA Temperature of analytical 

cables 

14 135 

TCR Temperature of real cables 14 90 

TP Temperature Surfaces 14 168 

V Speed 20 *) 114 

*) assumption was not evaluated in [5.82] 

 

 

Figure 5.13 shows an overview of all evaluated variables for the experiments PRS_D3, 

PRS_D4 and PRS_D5 in the form of a scatter plot of the PEAK values above the NED values, 

differentiated according to the version FDS 4, FDS 5 and FDS 6. In this diagram, the cases in 

which the simulation values are partly higher than the experimental values, are predominantly 

assigned to version FDS 4. The results of FDS 5 and FDS 6 show great similarities regardless 

of the experiments, while the results of the index values for FDS 4 has deviation to some 

extent. 

Evaluation area A indicates the area where the PEAK values do not exceed the estimated 

uncertainty UCW. For the NED values, a value twice as high as the estimated uncertainty was 

assumed without further justification. The evaluation area B, this limit was increased in each 

case by factor 2. In 100% of the evaluated values are located in the C evaluating area, which 

corresponds (by definition) to a ratio of C = 1.00. The values A, B that are located in the 

evaluation area A or the evaluation area B are shown (top left) in the figure. 

 

Figure A 5.13 PEAK via NED (all sizes) for PRS_D3, PRS_D4 and PRS_D5 differentiated 

according to the versions FDS 4, FDS 5 and FDS 6 
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Figure A 5.14 shows a summary of the frequencies with which the proportions of A and B of 

the evaluation variables for tests PRS_D3, PRS_D4 and PRS_D5 are available. High 

frequencies of the proportions correspond to a large agreement between the experimental and 

numerically data with regard to the evaluation variables PEAK and NED. 

The oxygen concentration (O2) and the carbon dioxide concentration (CO2) can be 

reproduced remarkably well. The results for the temperatures on the surfaces of the enclosure 

components (TP) are also comparatively good. For the carbon monoxide concentration (CO) 

and the radiation levels, the median values are larger, and the fluctuations are significantly 

greater.  

Overall, the PEAK values of most of the test parameters are higher than the corresponding 

values from the experiments, regardless of the version of FDS used. This is not the case at 

the temperatures of real cable (TCR) and the temperature of analytical cables (TCA); the 

experimental values are underestimated by the CFD model. This is also the case for the carbon 

monoxide (CO) values independent of the version of FDS. 

With regard to the version, the ratio A for FDS 4 results in lower proportions of oxygen (O2), 

carbon monoxide (CO), gas temperatures (TG) and radiative heat flux densities (FLR) than in 

the FDS 5 and FDS 6 versions. These two versions are in better agreement in the comparison 

values. With regard to proportion B, i.e. basically for larger error limits, higher values for the 

proportions of version FDS 4 result for all measured variables with the exception of the quantity 

carbon monoxide (CO). 
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Figure A 5.14 Summarized representation of the proportions A and B of the evaluation varia-

bles, experiment PRS_D3, PRS_D4 and PRS_D5 

In summary, it can be seen that there is a dependence on the agreement of the results with 

the test boundary conditions. For the PRS_D3 test, the simulation data agree better with the 

experimental data for all variables than in the PRS_D4 and PRS_D5 tests. The maximum heat 

release and ventilation rate of tests are 0.6 MW and 4.7 air changes per hour for PRS_D3, 0.8 



5  Models for fire simulation 

172 / 464  Guideline engineering methods of fire protection vfdb TR 04-01 (2020-03) 

MW and 8.4 air changes per hour for PRS_4 and 1.4 MW and 4.3 air changes per hour for 

PRS_D5, respectively.
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6 FIRE SAFETY VERIFICATIONS OF STRUCTURAL ELEMENTS AND STRUCTURES 

6.1 Introduction 

The fire safety parts of Eurocodes 1 to 6 and 9 [6.1] provide design methods that allow 

individual fire safety designs for individual structural components as well as for partial and 

global structures for different utilizations. Alongside fire loads based on nominal temperature 

curves like the standard temperature-time curve (ISO 834) or the external fire curve, the 

Eurocodes also allow fire safety design using natural fire curves, which provide a more realistic 

profile of a real fire (smouldering fire phase, fully-developed fire, cooling phase) than the 

standard temperature-time curve. 

The design rules for structural fire safety engineering are outlined in the parts 1-2 of the Euro-

codes, which are hereafter referred to use the abbreviations EC 1-1-2 (for DIN EN 1991-1-2), 

EC 2-1-2 (for DIN EN 1992-1-2) etc. In addition to the design rules of the Eurocodes, DIN 

4102-4 contains specifications and regulations for e.g., design details, dry walls, autoclaved 

aerated concrete components, historical constructions, special components and lightweight 

partition walls which are not included in the Eurocodes. 

EC 1-1-2 defines the design rules for the action in case of fire. Since fire is an accidental 

condition design situation, the mechanical actions may be reduced compared to service 

condition design. The thermal actions on the structural components or the structure can be 

determined with the help of so-called nominal temperature-time curves or natural fire models. 

Heating of the structural components leads to reduced resistance due to the thermally induced 

decrease in strength coefficients.  

For industrial constructions, components can be designed for risk-related fire exposure using 

the calculation method according to DIN 18230 "Structural fire safety in industrial buildings" 

(see Chapter 6.9. 

6.2 Certification according to the fire safety parts of the Eurocodes 

 General 

For the fire safety design of structural components and structures (Eurocodes 2 to 6 and 9), 

the fire safety part of Eurocode 1, which considers all building materials and contains 

information for load assumptions and fire loads, is required in addition to the fire safety part of 

the building material related Eurocode. In December 2010, the fire safety parts of Eurocodes 

1 to 5, 7 and 9 Part 1-2 were published as DIN EN standards (DIN EN 199x-1-2). The first 

version of the National Annexes was also published in December 2010 with the exception of 

EC 6-1-2 and EC 9-1-2. The publication of Eurocodes 6-1-2 followed in April 2011 as DIN EN 

1996-1-2. The corresponding National Annex was published in June 2013: 

EC 1-1-2 DIN EN 1991-1-2 General actions - Actions on structures exposed to fire 

[6.1]. 

EC 2-1-2 DIN EN 1992-1-2  Structural fire design for reinforced and prestressed 

concrete structures [6.2]. 

EC 3-1-2 DIN EN 1993-1-2 Design of steel structures [6.3]. 
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EC 4-1-2 DIN EN 1994-1-2 Design of composite steel and concrete structures [6.4]. 

EC 5-1-2 DIN EN 1995-1-2 Design of timber structures [6.5]. 

EC 6-1-2 DIN EN 1996-1-2 Design of masonry structures [6.6]. 

EC 9-1-2 DIN EN 1999-1-2 Calculation and design of aluminium structures [6.7]. 

Currently the Eurocodes are being revised. Drafts are already available for the fire safety parts 

from EC 1 to EC 5. Basically, this chapter refers to the existing parts of the Eurocodes 

introduced by the building codes. Insofar as significant changes are planned in the fire safety 

verifications of the revised Eurocodes, they are presented in this edition of the guideline. The 

completion of the revision and the introduction of the revised Eurocodes by the building codes 

is not expected before 2025. 

The design rules in the fire safety parts of Eurocodes 2 to 6 and 9 apply only to the building 

materials and building material qualities listed in the scope of the standards. If other building 

materials or building material qualities are used, e.g., ultra-high strength concrete with a 

cylinder compressive strength exceeding 100 N/mm², their suitability in terms of fire safety 

must be verified by fire tests. 

Fire design according to Eurocode 6 Part 1-2 and 9 Part 1-2 is not dealt with in any greater 

detail in this guideline. The fire safety design of aluminium components is of secondary 

importance in the field of civil engineering. The design methods in Eurocode 9 Part 1-2 are 

basically comparable with those in Eurocode 3 Part 1-2 (steel construction).  

 National Annexes (NA) 

For the application of the Eurocodes DIN EN 1991-1-2 to DIN EN 1996-1-2 and DIN EN 1999-

1-2, the so-called "National Annexes" (NA) [6.8] have to be taken into consideration. The 

Eurocodes contain alternative methods and values as well as recommendations for classes 

with notes where it might be necessary to define national stipulations. The National Annex 

defines the national determined parameters and the stipulations that are to be defined 

nationally as well as the application of informative annexes for the issuing country. National 

Parameters or national specifications stipulations are identified by suitable comments in the 

Eurocodes (DIN EN). They are only to be seen as points of reference; before they are included 

in fire safety design, their national definition must be verified in the NA. 

 Building supervisory regulations 

The Eurocodes and their corresponding National Annexes were included in the Technical 

Building Regulations in Model Administrative Regulation for Technical Building Regulations 

(MVV TB) and introduced in the federal states by the building supervisory authorities. The 

current status is available on the information page of the Conference of German Ministers of 

Construction at http://www.is-argebau.de. DIN 4102-4 has been retained as the technical 

building regulation solely for the constructional design, special structural components and 

historical construction design methods as well as integrity components such as lightweight 

partition walls.  In principle, the fire safety design must be carried out according to the fire 

safety parts of the Eurocodes. The design can only be carried out according to DIN 4102 Part 

4 for verifications that are not specified in the fire safety parts of the Eurocodes. 
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 Design method 

The Eurocodes provide a total of three different verification levels for the design of the stability 

of structural elements and structures in the case of fire: 

 Level 1: Tabular design methods 

 Level 2: Simplified design methods 

 Level 3: Advanced design methods 

It should be noted that in the different parts of the Eurocodes the verification methods are not 

listed under uniform terms. In the revised parts the above-mentioned uniform terms will be 

used. 

The tabular design method derived from fire tests is generally on the safe side. The load-

bearing behaviour is described more realistic by the upwards complex simplified and advanced 

design methods. The choice of the appropriate method depends on the required statements 

and the required accuracy. The possibilities of combinations of the design methods are shown 

in the flow chart in Figure 6.1. The fire safety parts of the Eurocodes distinguish between 

verifications for complete structures, structural sections and individual components. The fire 

safety verification of an entire structure must include the decisive type of failure under the 

influence of fire and, for this purpose, take into account the temperature-dependent changes 

in the building materials and the component stiffnesses, as well as the effect of thermal 

expansion and deformation. In principle, only the advanced design methods (Advanced design 

methods) are suitable for this type of verification. The simplified design methods (Simplified 

design methods) and the tabular design methods (Tabulated design methods) are generally 

used for the analysis of parts of the structure (structural cut-outs) and individual components. 

  

Figure 6.1 Flow chart of fire safety verification procedures according to Eurocode 

6.3 Actions in case of fire 
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 Procedure 

In general, the fire safety verification is carried out separately in a thermal and a mechanical 

analysis. 

 Within the thermal analysis, the temperatures in the component cross-section are 

calculated. This is based on the gas temperatures in the fire compartment, which 

are specified as thermal actions according to Eurocode 1 Part 1-2, Section 5. In 

this context Chapter 4 and 5 of the guideline contain helpful supplementary 

information. In case of calculating the temperatures in the component cross-

section, the temperature-dependent thermal material properties of the component 

cross-section and - if present - of the protection layers should be taken into 

account. 

 Within the mechanical analysis, the load-bearing and, in some cases, the 

deformation behaviour of the structural components exposed to fire are calculated. 

In this process, on the action side the influences from the load as well as any 

impeded thermal deformations (constraining forces and moments) and from non-

linear geometric influences should be taken into account. On the component 

resistance side, the influences from the thermo-mechanical material behaviour and 

the thermal strains should be considered. It should be taken into account that the 

high-temperature material behaviour may be dependent on the heating rate and 

may behave differently in the cooling phase, see notes in Chapter 6.5.3.2. The 

load-bearing behaviour after cooling of the structure, the so-called residual load-

bearing capacity in the re-cooled state, does need not be considered in the fire 

safety design. 

 Thermal actions 

In Eurocode 1 Part 1-2, Section 5.1, the thermal actions on components are given by the net 

heat flux [W/m²] into the surface of the component, which is composed of a convective 

component and a radiative component according to equation (6.1). 

ℎ𝑛𝑒𝑡

•

= ℎ
•

𝑛𝑒𝑡,𝑐 + ℎ
•

𝑛𝑒𝑡,𝑟 [W/m²] (6.1) 

where: 

ℎ
•

𝑛𝑒𝑡,𝑐  convective component of the net heat flux according to equation (6.2), 

ℎ
•

𝑛𝑒𝑡,𝑟 radiative component of the net heat flux according to equation (6.3). 

The convective portion of the net heat flux is calculated with: 

ℎ
•

𝑛𝑒𝑡,𝑐 = 𝛼𝑐 ⋅ (𝜃𝑔 − 𝜃𝑚) [W/m²]  (6.2) 

where: 

 𝛼𝑐 heat transfer coefficient for convection [W/(m²K)], 

g hot gas temperature in the vicinity of the component [°C]. 

According to Eurocode 1 Part 1-2 section 3.2 for the standard temperature-time curve and the 

external fire curve the heat transfer coefficient for convection can be set αc = 25 W/(m²K). For 

the hydrocarbon fire curve αc = 50 W/(m²K) is assumed. On the unexposed side of structural 
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integrity components, the convective component of the net heat flux should be determined 

using αc = 4 W/(m²K). Simplified αc = 9 W/(m²K) should be used if it is assumed that it also 

covers the heat transfer due to radiation. 

The net heat flux due to radiation is determined as follows: 

ℎ
•

𝑛𝑒𝑡,𝑟 = 𝛷 ⋅ 𝜀𝑟𝑒𝑠 ⋅ 5.67 ⋅ 10−8 ⋅ [(𝜃𝑟 + 273)4 − (𝜃𝑚 + 273)4]   [W/m²] (6.3) 

where: 

 factor for taking shading into account [-], 

res = 𝜀𝑓 ⋅ 𝜀𝑚 resulting surface emissivity [-], 

f emissivity of the flame [-] (see Table 6.1), 

m emissivity of the surface of the structural component [-] (see Table 6.1), 

r effective radiation temperature of the fire environment [°C], 

m surface temperature of the structural component [°C], 

5.67x10-8 Stefan-Boltzmann constant [W/(m²K4)]. 

As a rule, for simplification the factor = 1.0 and the radiation temperature r may be set equal 

to the hot gas temperature g. 

Table 6.1 Emissivity of the fire compartment εf and the structural component surface εm 

Fire safety part of the 

Eurocodes 

Emissivity [-] 

Flame f 
Component surface 

m 
Resulting res 

1, 6 1.0 0.8 0.80 

2, 4 1.0 0.7 0.70 

3 1.0 0.7*) ***) 0.70 

5 1.0 0.8 0.80 

9 1.0 0.3**) 0.30 

 *) Stainless steel: εm = εres = 0.4 
 **) For coated and concealed (e.g., sooty) surfaces: εm = εres = 0.7 
 ***) For galvanized steels please refer to Chapter 6.7.7 

According to EC 1-1-2, the heat transfer coefficient should be set to αc = 35 W/(m²K) when 

using natural fire models according to EC 1-1-2 sections 3.3.1 and 3.3.2. In [6.9], heat transfer 

conditions on building components in case of fire were investigated. It was found that the 

emissivity of hot gases can assume values between 0.8 and 1.0 depending on the fire 

development. The values can vary considerably due to the large local spread in a natural fire, 

the different positioning of the structural components relative to the flames, the different design 

of the component surface and the different densities of the smoky hot gas layer. 
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For the calculation of thermal action due to natural fires, it is therefore suggested that the 

emissivity values specified for standardised temperature-time curves in EC 1-1-2 can also be 

used for natural fires by way of approximation. 

Nominal temperature-time curves 

In EC 1-1-2 Section 3.2, various standardized temperature-time curves are specified to 

describe the hot gas temperature g as a function of the fire duration t [min]. For the hot gas 

temperature g, the standard temperature-time curve according to eq. (6.4), the hydrocarbon 

fire curve according to eq. (6.5) or the external fire curve according to eq. (6.6) can be assumed 

as: 

𝜃𝑔 = 20 + 345 ⋅ 𝑙𝑜𝑔10(8 ⋅ 𝑡 + 1) [°C] (6.4) 

𝜃𝑔 = 1080 ⋅ (1 − 0.325 ⋅ 𝑒−0.167⋅𝑡 − 0.675 ⋅ 𝑒−2.5⋅𝑡) + 20 [°C] (6.5) 

𝜃𝑔 = 660 ⋅ (1 − 0.687 ⋅ 𝑒−0.32⋅𝑡 − 0.313 ⋅ 𝑒−3.8⋅𝑡) + 20 [°C] (6.6) 

The hydrocarbon fire curve specifies the development of hot gas temperatures in liquid fires 

and is generally not used for the fire safety design of buildings. The external fire curve may be 

used to verify integrity of non-load-bearing external walls and attached parapets as fire load 

from outside. It corresponds to the reduced standard temperature-time curve according to DIN 

4102 Part 3 [6.10]. 

Natural fire models 

Eurocode 1 Part 1-2 distinguishes between simplified and advanced natural fire models. The 

simplified fire models are approximation methods where the temperature-time curve of a 

natural fire can be calculated in a simple manual calculation or spreadsheet calculation 

depending on the essential physical input variables such as the fire load density and the 

ventilation conditions [6.11]. 

If a natural fire model is used, according to Eurocode 1 Parts 1-2 Section 2.4 the temperature 

calculation should be carried out for the entire fire duration including the cooling phase. 

Advanced fire models consider the gas properties as well as the mass and energy exchange 

between certain control volumes via iterative methods. Based on the degree of detail, a 

distinction is made between: 

 Single-zone models based on the assumption of a uniform, time-dependent 

temperature distribution in the fire compartment,  

 Two-zone models, which assume an upper hot gas layer and a lower cold gas 

layer, each with time-dependent layer thickness and a uniform, time-dependent 

temperature, and 

 CFD models, which use fluid dynamics methods to calculate the temperature 

development in a fire compartment as a function of place and time. 

The models and their properties are described in Chapter 5. 

The basis for the natural fire models should be a real fire scenario with the corresponding 

design fire in accordance with Chapter 4 of the guideline. The design fire describes the possible 

fire course caused by the fire scenario quantitatively in the form of time-dependent fire 

parameters and is the basis of a risk-appropriate design procedure. The development of the 
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design fire depends on the main fire parameters. With regard to the ventilation conditions, it 

should be examined whether low ventilation (ventilation-controlled fire) or high ventilation (fire 

load-controlled fire) is decisive [6.12]. 

The building should be designed in such a way that in the case of the design fire the safety 

objectives laid down in the building code can be achieved. The determination of the design fire 

in the form of a heat release rate is described in Chapter 4. In this way, the design fire can be 

described physically more clearly than by specifying temperature-time curves. The natural fire 

certification has to be verified by a qualified fire engineer or expert according to state law. 

The MVV TB contains boundary conditions and restrictions for the application of natural fire 

methods, which ensure the approvability of such certifications within the framework of 

applications to permit deviations from the building code. 

Simplified natural fire models 

Simplified natural fire models are based on specific physical variables that are only applicable 

within specific limits. 

For fully-developed fires a uniform time-dependent temperature distribution is assumed. The 

gas temperatures should be calculated on the basis of physical parameters that take into 

account of at least the fire load density and the ventilation conditions. 

Parametric temperature-time curves which can be used for simplified calculation of fire 

development in small and medium-sized rooms are listed in Eurocode 1 Part 1-2 Annex A as 

a simplified natural fire model for fully-developed fires. With regard to the description of a 

realistic fire course, these parameter curves show deficits and are critically discussed in the 

literature [6.11]. For this reason, the application of the parametric temperature-time curves in 

Eurocode 1 Part 1-2 Annex A is not approved for Germany in the National Annex to Eurocode 

1 Part 1-2. A majority of European countries have also excluded this annex. As an alternative, 

the National Annex specifies the simplified natural fire model [6.14], [6.15] which is also 

outlined in Chapter 4.3.3.4 of this guideline. 

If a flashover is unlikely and fire is expected to remain locally confined, the thermal actions can 

be calculated from a local fire event. For local fires an uneven time-dependent temperature 

distribution is assumed. 

The model for local fires specified in Eurocode 1 Part 1-2 Annex C is based on the plume 

model of Heskestad (see Chapter 5) and is approved for application in Germany in the National 

Annex to Eurocode 1 Part 1-2 [6.11]. 

Advanced natural fire models 

Advanced natural fire models should take account of gas properties as well as mass and 

energy exchange. The single-zone, multiple-zone and CFD models described as advanced 

natural fire models in Eurocode 1 Part 1-2 are described in detail in Chapter 5 of this guideline. 

According to Eurocode 1 Part 1-2 Section 3.3.2, a combination of the results from the two-

zone model and the approximation for local fires may be used in the case of a local fire in order 

to determine the temperature distribution along the length a component more accurately. The 

temperature field in a structural component may be determined on the basis of the greatest 

influence at each point as calculated from the two fire models. 
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Adiabatic Surface Temperature 

Calculation of the heating of structural components should take account of both, the convective 

and radiative portions of the net heat flux. In line with Eurocode 1 Part 1-2, the net heat flux is 

calculated according to equation (6.1) to (6.3). 

Calculation of the temperature development in fire compartments by means of heat balance or 

CFD-models involves the calculation of gas temperatures. The gas temperature in the vicinity 

of the component is decisive for the calculation of the convective net heat flux on the regarded 

component. When calculating the radiative net heat flux, the radiation of the flame or the plume 

must be taken into account in addition to the proportion from the radiation of the hot gas layer. 

This applies in particular to components in the vicinity of fire sources comparative calculations 

have shown that, specifically in high spaces in which large hot gas layers are created, the 

radiation of the flame or the plume can be ignored with regard to the effect of structural 

components situated in the hot gas layer. The radiative net heat flux dominates in the cold gas 

layer. 

[6.16] and [6.17] describe an approach for the simplified calculation of the thermal effect on 

the structural components that takes account of the radiative portions due to the so-called 

"adiabatic surface temperature" (AST). The AST is an ideal surface temperature calculated on 

the assumption that the heat transfer onto a surface is the same as the heat release from this 

surface. Thus, it includes both, the convective and radiative components of the net heat flux 

impacting on the components. In the heat transfer calculation, this ideal value AST can replace 

the surface temperature and can be used in thermal analysis to determine the component 

temperature. Thus, the AST can form the interface between the natural fire model and the 

model for thermal analysis or between the fire test curve and the model for thermal analysis. 

The effect of thermal radiation on AST is shown based on a comparative calculation using the 

example of a fire room with steel columns (Figure 6.2). The temperatures in the fire room were 

calculated using the CFD model FDS. In the model, ventilation openings were arranged in 

such a way that the lower part of the columns is located in the cold gas layer. 

  

Figure 6.2 Model room for calculation of the AST and estimated heat release rate for the 

comparative calculation 

Figure 6.3 shows the calculated gas and AST temperatures. The difference between gas 

temperature and AST is clear, especially in the lower section of the column (measuring points 

at the heights of 1 and 3 m) and is up to 200 °C. The existing ventilation opening avoids a 

strong heating of the column under the influence of the hot fire gases. This area was mainly 
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heated by the effect of radiation. There are no relevant deviations in the area of the hot gas 

layer (8 m) 

  

Figure 6.3 Comparison of the gas and AST temperature on the "irradiated" side of the column 

 Mechanical actions 

Eurocode 1 Part 1-2 differentiates between direct and indirect actions. The actions taken into 

account for the "cold" design (dead load, wind, snow etc.). Indirect actions due to fire exposure 

are forces and moments that are caused by thermal expansion, deformation and distortion. 

They do not need to be taken into account in the fire design of individual components and of 

partial and global structures if they only have a minor influence on the load-bearing behaviour 

and/or are absorbed by appropriate design of the supports. This should be verified in each 

individual case. Indirect actions include constraining forces and moments in columns, frame-

like structures, continuous beams / girders and the effects of thermal expansion on 

components that are not exposed to fire. These can also have a favourable effect on the load-

bearing capacity in case of fire (reduction of field moments by increasing the support 

moments). 

Fire is considered to be an "accidental situation" that does not need to be superimposed with 

other unrelated accidental situations. When determining the stresses resulting from the 

actions, i.e., loads or restraint loads, the design values are generally determined from the 

characteristic values by multiplication with partial safety factors F and, if applicable, with 

combination factors for variable actions. In case of fire, only the constant actions are multiplied 

by the partial safety factor GA, while the variable actions are reduced by combination 

coefficients < 1.0 due to the rarity of the fire event.  

For combinations of constant and variable actions, the variable actions may be reduced by 

combination coefficients according to the Table 6.2. In this way, "frequent" or "quasi-

permanent" design values are defined for the actions which can be expected to occur in the 

real world simultaneously with the rare fire situation. The National Annex of EC 1-1-2 stipulates 

that the quasi-permanent value 2,i Qk,i may generally be used. This does not apply to 

components whose leading action is wind. In this case, the frequent value 1.1Qk,1 shall be 

used for the wind related action. 

The combination rule for accidental design situation determines the decisive stress Efi,d,t during 

the fire action according to Equation (6.7): 

𝐸𝑓𝑖,𝑑,𝑡 = ∑ 𝛾𝐺𝐴 ⋅ 𝐺𝑘 + 𝜓1,1 ⋅ 𝑄𝑘,1 + ∑ 𝜓2,𝑖 ⋅ 𝑄𝑘,𝑖 + ∑ 𝐴𝑑(𝑡) (6.7) 
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where: 

Gk characteristic value of permanent actions, 

Qk,1 characteristic value of (the principle value of the) a variable action, 

Qk,i characteristic value of other variable actions, 

Ad(t) design value of the indirect actions, 

GA partial safety factor for permanent actions, (generally 1.0, for deviations see 

Chapter 10), 

1,1, 2,I  combination coefficients according to DIN EN 1990 [6.18] (see Table 6.3). 

By way of simplification, the actions during fire exposure may be determined directly from the 

actions at ambient temperature according to eq. (6.8): 

𝐸𝑓𝑖,𝑑,𝑡 = 𝜂𝑓𝑖 ⋅ 𝐸𝑑 (6.8) 

where: 

Ed design value of the actions according to EC 1-1-1, with consideration of the 

partial safety factors for permanent and variable actions G, Q, 

fi              =
𝛾𝐺𝐴+𝜓1,1⋅𝜉

𝛾𝐺+𝛾𝑄⋅𝜉
 (6.9) 

Reduction factor, depending on the ratio of the main value of the variable actions 

to the permanent action = Qk,1/GK. 

Figure 6.4 shows the evaluation of equation (6.3) with partial safety factors G = 1.35 and Q = 

1.5 for different combination coefficients fi. 

Table 6.2 Combination coefficients in building construction (excerpt from [6.19], Table A.1.1) 

Actions 
Combination coefficient 

0 1 2 

Payloads in building construction    

Residential and office buildings 0.7 0.5 0.3 

Assembly areas and retail areas 0.7 0.7 0.6 

Warehouse areas 1.0 0.9 0.8 

Wind loads 0.6 0.2 0 

Snow loads at an altitude lower than 1000 m above sea level 0.5 0.2 0 

Snow loads at an altitude above 1000 m above sea level 0.7 0.5 0.2 
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Figure 6.4 Reduction factor fi as a function of the ratio between permanent and principle 

variable action (G = 1.35 and Q = 1.5) 

The values listed in the Table 6.3 may be used for the reduction factor fi without precise 

verification. 

Table 6.3 Reduction factor fi 

Fire protection part and NA Reduction factor fi 

Eurocode 2 0.7 

Eurocode 3 0.65 (category E: 0.7) 

Eurocode 4 0.65 (category E: 0.7) 

Eurocode 5 0.6 (category E: 0.7) 

Eurocode 6 0.7  

 

6.4 Material properties 

 Thermal material properties 

 General information 

The differential equation of Fourier (eq. (6.10)) for the description of transient heat transfer in 

solid objects forms the basis for the calculation of the temperature distribution in structural 

components. The precondition is that no heat sources or heat sinks are present inside the 

object. 

𝜕𝑇

𝜕𝑡
= 𝑎 ⋅ (

𝜕2𝑇

𝜕𝑥2 +
𝜕𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) (6.10) 

where: 

T Temperature [K], 

t Time [s], 

a =

pc




Temperature coefficient [m2/s], 

λ Thermal conductivity [W/(m﮲K)], 
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ρ Density [kg/m3], 

cp  Specific heat [J/(kg∙K)], 

x, y, z Spatial coordinates [m]. 

An analytical solution for eq. (6.10) can only be found for the special case of a homogeneous 

and isotropic body with a one-dimensional heat flow and temperature-independent thermal 

material properties. In order to calculate the temperature distribution within structural 

components made of concrete and steel subjected to fire actions, it is necessary to take 

account of the temperature-dependent thermal material properties of thermal conductivity , 

specific heat cp and density (Figure 6.5). Thus, the target value of the calculation, namely the 

temperature, is dependent on temperature-dependent input parameters. Numerical methods 

such as the finite element method (FEM) or the method of finite differences (using integration 

procedures over time steps) are used for the solution. For real construction situations the 

following simplifications can be made: 

 The temperature spread in the longitudinal direction of the component is 

neglected. In bar-shaped components, the temperature spread is only calculated 

in the cross-sectional area (two-dimensional) and in plane components only 

across the cross-sectional thickness (one-dimensional). 

 Water vapour movements are not taken into account.  

 In the case of concrete, the energy consumption for the evaporation of water and 

other energy-consuming processes is taken into account by the appropriate 

choice of the calculated value for the specific heat capacity of the concrete in the 

temperature range between 100 - 200 °C. 

 Concrete is regarded as a homogeneous building material with regard to its 

thermal material properties. The heterogeneous structure, capillary pores and 

cracks are considered across-the-board in the thermal material laws. 

 

Figure 6.5 Calculated values of the temperature-dependent thermal material properties of 

concrete according to [EC2-1-2/NA: 2010]. 
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For the calculation of the temperature distribution in typical building components the following 

hints can be useful. This information is intended to provide assistance for thermal analysis; in 

individual cases deviations from the numerical values listed may be useful. 

 When discretizing the components cross-section, the size of the finite elements 

should be aligned with the temperature distribution. In the area of large 

temperature gradients - e.g., at the fire-exposed edges of the cross-section - a finer 

discretization should be used than in the interior of the cross-section. 

 The element sizes should be selected depending on the cross-section size or 

thickness. For reinforced concrete elements, the edge length of the elements 

should not exceed 2 - 3 cm. In the case of steel components, considerably smaller 

elements may also be required; at least three elements should be depicted across 

the cross-section thickness. 

 The length of the element sides should be chosen in a ratio smaller than or equal 

to 1:4. 

 Symmetry conditions with regard to flame exposure should be exploited in order to 

limit the number of elements. 

 The discretization of the thermal and mechanical analysis should be coordinated 

to each other. 

 The time interval for calculation of the temperature distribution should not exceed 

30 seconds in case of reinforced concrete, composite and protected steel cross-

sections and 5 seconds in the case of non-protected steel cross-sections. 

 For reinforced concrete cross-sections with a standard amount of reinforcement 

and reinforcing bars with a maximum diameter of 30 mm, the reinforcement may 

be neglected in the thermal analysis. The temperature in the axis of the reinforcing 

bar corresponds approximately to the temperature in undisturbed concrete [6.20]. 

If the diameter of the reinforcing bar is greater than 30 mm, significant deviations 

occur. Thus, neglecting the reinforcement in the thermal analysis is not 

recommended [6.21]. 

 Thermal conductivity of concrete 

In Eurocode 2 Part 1-2 (Version 2010) [6.2], an upper and a lower limit function are specified 

for the thermal conductivity of concrete. Due to moisture transport processes, the 

measurement of the thermal conductivity is associated with a large measurement uncertainty; 

experimentally determined values scatter within a wide range. In general, it can be stated that 

the thermal conductivity of concrete decreases with increasing temperature due to evaporation 

of bound water [6.21]. In Germany, the upper limit function for the thermal conductivity is 

specified in the National Annex of Eurocode 2 Part 1-2; some European countries have 

specified the lower limit function. Both, the upper and the lower limit functions do not reflect 

measured thermal conductivities, but were determined on the basis of recalculations of carried 

out tests. Thus, they have to be regarded as effective thermal conductivities that also cover 

model uncertainties (e.g., moisture transport). In order to accomplish uniformity and to achieve 

better agreement with recent test results, a new approach ("mixed curve") has therefore been 

developed for a thermal conductivity function that combines these two functions [6.21]. As 

shown in Figure 6.6, the new approach function is congruent with the upper limit function 
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according to Eurocode 2 Part 1-2 (Version 2010) in the temperature range up to 140 °C [6.2]. 

Between 140 °C and 160 °C the thermal conductivity decreases linearly and is congruent with 

the lower limit function in the temperature range between 160 °C and 1200 °C. 

  

 

Figure 6.6 New approach "mixed-curve" of the thermal conductivity compared to the functions 

according to DIN EN 1992-1-2  

The new "mixed curve" approach was calibrated on the basis of recalculations in more than 

20 fire tests on ceilings, walls and columns, which were carried out by test institutes in 

Germany, France and Sweden [6.22]. The result showed that the mixed curve approach allows 

to determine the temperatures in the area of the reinforcement with a better accuracy and 

predominantly on the safe side [6.21]. 

 Mechanical material properties 

 General information 

For structural components and structures, the fire safety design is generally provided by 

 Cross-sectional analysis and / or  

 Analysis of the system behaviour. 

The temperature distribution in the component cross-section calculated according to Chapter 

6.3 is used as a starting point; in addition, the temperature-dependent material properties 

(strength, modulus of elasticity, thermal expansion) are also taken into account. 

In the cross-sectional analysis, the plastic load-bearing capacity of the structural component 

cross-section is calculated and compared with the decisive actions in the event of fire; the 

deformation behaviour of the components or structures is not calculated. A typical application 
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case are beams or girders that are statically determined, for which the temperature-dependent 

bending load-bearing capacity MR,fi,d and the maximum moment load ME,fi,d are compared in 

case of fire. ME,fi,d   MR,fi,d is verified in the fire safety verification (Figure 6.7). 

  

 

Figure 6.7 Principle course of the bending load-bearing capacity MR,fi,d and the moment load 

ME,fi,d for a statically determined beam 

When analysing the system behaviour of a structural component or structure, the load-bearing 

and deformation behaviour for the fire situation is calculated.  

Typical applications include the fire safety design of slender compression members and 

statically indeterminate systems, such as frameworks and continuous beams. In these cases, 

the stress depends on the deformations of the structural component or structure. 

Here, the stress depends on the deformations of the component or supporting structure. In 

case of slender columns, for example, the actions according to the 2nd order theory should be 

taken into account and in statically indeterminate systems, the thermally induced restraint 

forces must be considered. 

 Stress-strain relationships and thermal strains 

The basis of the fire safety-related component and structural analysis are the temperature-

dependent stress-strain curves and thermal strains of the structural materials. The fire safety 

parts of Eurocodes 2, 3 and 4 contain all main information on the temperature-dependent 

change of the mechanical building material values. 

By way of example, Figure 6.8 shows temperature-dependent stress-strain curves for concrete 

with aggregate that primarily contains quartzite, Figure 6.9 for hot-rolled reinforcing steel (B 

500) and Figure 6.10 for structural steel. Figure 6.11 shows the thermal strains for concrete, 

reinforcing steel, prestressing steel and structural steel. 
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Figure 6.8 Temperature-dependent stress-strain curves of concrete with aggregate that 

primarily contain quartzite 

 

Figure 6.9 Temperature-dependent stress-strain curves of hot-rolled reinforcing steel (B 500) 
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Figure 6.10 Temperature-dependent stress-strain curves of structural steel 

 

Figure 6.11 Thermal expansion of concrete, reinforcing steel, prestressing steel and structural 

steel 

The fire safety parts of Eurocodes 2, 3 and 4 list equations for the numerical description of the 

temperature-dependent stress-strain curves and the thermal strains. The input parameters for 

the calculation of the temperature-dependent stress-strain curves are defined as characteristic 

values and are based on the 5% fractile of the universe. In the case of concrete, the cylindrical 

compressive strength fck is entered as the strength value and in the case of reinforcing steel or 
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structural steel the yield strength fyk or fay is entered. For prestressing steel, the value 0.9  fpk 

is entered due to the lack of a pronounced yield strength. To determine the design values, the 

characteristic values are divided by the partial safety factors M which are dependent on the 

scatter of the material properties. The design values of the mechanical properties are 

calculated according to Equation (6.11): 

𝑋𝑓𝑖,𝑑 = 𝑘𝛩 ⋅
𝑋𝑘,𝛩

𝛾𝑀,𝑓𝑖
  (6.11) 

where: 

k temperature-dependent reduction factor for strength and modulus of elasticity 

of the building material, 

M,fi partial safety factor for the corresponding building material in case of fire. 

In general, the partial safety factors for determining the design values of building materials 

under fire exposure from Eurocodes 2 to 4 Parts 1-2 in combination with the National Annexes 

are set to M,fi= 1.0. 

In EC 5-1-2, the design values of the strength and modulus of elasticity are defined, in deviation 

from eq. (6.11), as 20 % fractiles of the strength or stiffness at ambient temperature, multiplied 

by the modification coefficient in case of fire kmod,fi and divided by the partial safety factor M,fi= 

1.0. Annex B of EC 5-1-2 lists the input parameters for the thermal and mechanical material 

values of timber. 

In deviation from EC 2-1-1, EC 2-1-2 does not specify a design method for the shear load-

bearing capacity due to the fact that such a method does not currently exist for the case of fire. 

Tests have shown that the shear resistance of beams, ribbed slabs and slabs only becomes 

decisive for a fire resistance time of 90 minutes and more [6.23]. Up to the present, the design 

regulations are adequate to dimension reinforced concrete beams for fire resistance classes 

up to R90. In order to achieve higher fire resistance classes, however, special measures 

should be undertaken in many cases. This concern, for example, continuous girders with a fire 

resistance time of 180 minutes, which should have considerably larger cross-sections than 

single-span beams. For flat slabs (point-supported slabs), the shear load-bearing capacity can 

be decisive and therefore they cannot be verified with a calculation method. 

 Failure criteria 

To determine the failure time of a structure, the ultimate limit state according to DIN EN 1990 

is reached when failure or excessive deformation of the structure or its parts occurs. This only 

concerns the load-bearing capacity criterion, but not the space closure or the thermal insulation 

properties. 

In general, the load-bearing capacity for the specified fire resistance duration t should be 

verified by: 

Ed,fi ≤  Rd,t,fi (6.12) 

where: 

Ed,fi design value of the internal forces in case of fire, 

Rd,t,fi corresponding rated value of resistance in case of fire. 
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According to Chapter 6.5.3, for the design with the advanced calculation method a cross-

sectional analysis or a system analysis can be performed. In the cross-sectional analysis, the 

plastic load-bearing capacity of the cross-section of the component is calculated and compared 

with the decisive actions in case of fire. In the system analysis, the load-bearing and 

deformation behaviour of the partial or the complete structure exposed to fire is calculated. 

According to EC 2-1-2 for the fire safety design of global or partial structures, the decisive 

failure type in fire situation must be gathered. In addition, the deformations occurring in the 

ultimate limit state must be limited in order to ensure the interaction of all parts of the structure. 

This raises the question of suitable failure criteria. 

Possible failure criteria for the advanced calculation methods are presented below:  

Assessment of load-bearing capacity with reference to DIN EN 13501-2 and DIN EN 1363-1  

The aforementioned standards [6.19] and [6.24] refer to the failure criteria of components 

exposed to bending stress in fire tests. It should be noted that only individual components are 

considered in the tests. The applicability of the failure criteria presented here should be 

reviewed for global structures. If the boundary conditions are comparable to those of a single-

span beam, the criteria can be applied directly. If the structural system differs from a single-

span beam, then the span must be adjusted in line with the deformation figure on a single-

span girder.  

(a) Deflection: D = L²/(400 d) [mm],  

(b) Deflection rate: dD/dt = L²/(9000 d) [mm/min].  

where: 

L the clear span in mm,  

d is the distance in mm from the outermost edge of the compression zone to the 

outermost edge of the tensile zone of the load-bearing section, both in cold-

state design. 

The criterion of the deflection rate is only valid after a deflection of L/30 is exceeded.  

The deformations occurring in the event of fire can damage adjacent components and possibly 

even impair their function. Since these criteria cannot be applied in the calculations on system 

behaviour, either suitable deformation limits shall be applied to comply with these requirements 

or measures must be undertaken to compensate for the occurring deformations. 

In addition, the bearing conditions of the adjacent structural components should also be taken 

into account - e.g., glass structural components or walls. Moreover, it should also be ensured 

that the structural component cannot slide off the bearing support due to deflection.  

Consideration of the temperature criterion (I-criterion) 

EC 2-1-2 provides the following information to verify the temperature criterion of components: 

In the heating phase until the maximum hot gas temperature in the fire compartment is 

reached, the average temperature rise on the non-exposed surface of the component may not 

exceed 140 K and the maximum temperature rise may not exceed 180 K. During the cooling 

phase, the mean temperature rise on non-exposed surface of the component may not exceed 

200 K and the maximum temperature rise may not exceed 240 K. 
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ISO PDTR 15657 [6.25], specifies a maximum radiation rate of 3 kW/m² for the side facing 

away from the fire as an additional criterion for partition walls in escape routes. 

6.5 Design method 

 Tabulated design methods 

Tabulated design methods are contained in EC 2-1-2, EC 4-1-2 and EC 6-1-2, in EC 3-1-2 and 

EC 5-1-2 only computational verification methods are included for structural components. 

Tabulated data design methods generally do only compare cross-sectional measurements or 

lining thicknesses of a structural component with the values that are required to achieve the 

targeted fire resistance time based on the results of fire tests.  

Depending on the fire resistance class, the tabular data contain minimum values for the cross-

sectional dimensions and - for reinforced and prestressed concrete components - the minimum 

axis distances of the reinforcement or, for composite structural components, the 

supplementary reinforcement required in case of fire. For reinforced concrete columns, loaded 

reinforced concrete walls and composite columns and girders, the load utilization factor is given 

as an additional parameter. 

Linear interpolation is permitted between the specified values in the tables. Further calculation 

rules allow the individual determination of the critical temperature for reinforced concrete 

beams and ceilings with statically determined supports and the determination of the current 

load utilization factor for reinforced concrete columns and loaded reinforced concrete walls. 

The normative part of Eurocode 2 Part 1-2 provides the Method A and B and in Annex C the 

Tables C.1 to C.9 for the fire safety design of reinforced concrete columns. In the National 

Annex of Eurocode 2-1-2, only the application of Method A is approved. Method A provides 

the option of tabular determination of minimum cross-sectional dimensions and axis distances 

for columns with rectangular or circular cross-section as well as the calculation-based 

determination of the existing fire resistance time while taking account of the key load-carrying 

parameters such as extent of degree of utilisation, axis distance, effective length in the case 

of fire, concrete cross-section and amount of reinforcement. 

For the design of columns, new design tables have been developed in addition to Method A. 

These tables can also be used to design cantilever columns that are included in the third draft 

of the revised EC 2-1-2 [6.26] in Annex B. Furthermore, the third draft of EC 2-1-2 [6.26] has 

extended the tables for columns and walls exposed to unilateral fire loads for different load 

utilizations and support situations. 

The design tables in Annex B of the third draft of EC 2-1-2 [6.26] were developed on the basis 

of a simplified design procedure [6.27]. First, a reduced concrete cross-section is determined 

according to the zone method. For the reduced concrete cross-section and the mean 

reinforcement and concrete temperature, the column capacity is determined using the M/N 

interaction curve. The design tables can be used for cases where the effective column length 

is the equal in case of fire and at ambient temperature (l0,fi = 1.0 l0) such as cantilever columns 

and for the case l0.fi = 0.7 l0. An application for the case l0,fi = 0.5 l0 is not possible. Here, Method 

A or simplified or advanced design methods may be used. For the application of the design 

tables according to [6.27], it is possible to determine the approvable effective length of the 

column for the design at ambient temperature l0,max depending on the parameters fire 
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resistance time R, cross-section dimensions b, load utilization factor μfii, eccentricity e0 and 

axis distance a. In some cases, multiple interpolations are required. Validation calculations 

with the advanced design method show that the design tables according to [6.27] are on the 

safe side (Figure 6.12). 

  

 

Figure 6.12 Comparison of the calculated fire resistance time of the design tabulated data 

[6.27] with the advanced design method for different slenderness and same 

effective length at ambient and fire conditions (l0 = l0,fi = l) 

In the design table of Method A, only minimum dimensions with a load utilization ratio μfi = 0.7 

and for the effective length l0,fi = 0.5 l0 are given in [6.2] for columns exposed to fire on one 

surface. Thus, with Method A the fire safety design of columns exposed to fire on one surface 

leads to conservative results for load utilization ratios μfi < 0.7. Furthermore, no tabular data is 

available for the cases l0,fi ≠ 0.5 l0 so far. For the above-mentioned reasons, new design tables 

for columns exposed to fire on one surface have been developed for the third draft of Eurocode 

2 Part 1-2 [6.26] on the basis of calculations with the advanced design method, which take into 

account a wider range of applications with regard to the load utilization factor (μfi = 0.2; 0.5; 

0.7) and the effective length (l0,fi = 0.5 l0; l0,fi = 1.0 l0) of the column [6.28]. 

The design table for load-bearing walls contained in EC 2-1-2 [6.2] was transferred from DIN 

4102-4:1994-03. This design table contains only two load utilizations. The change from the 

global to the semi-probabilistic safety concept was not taken into account during the transfer 

process of the design table for load-bearing walls in [6.2]. Thus, four new design tables for 

load-bearing walls were developed for the third draft of Eurocode 2 Part 1-2 [6.26] based on 

calculations with the advanced design method for the load utilization factors μfi = 0.2; 0.5; 0.7: 

for load-bearing walls with a integrity function (exposed to fire on one surface) with l0 ≤ 3.0 m; 

βfi = 1.0 and l0 ≤ 4.50 m; βfi = 0.5, and for walls exposed to fire on two surfaces with l0 ≤ 3.0 m; 

βfi = 1.0 and l0 ≤ 4.50 m; βfi = 0.5 [6.29]. 

Mean total 1.40

SA total 0.47

Mean 30 Min 1.57

σ 30 Min 0.76

Mean 60 Min 1.36

σ 60 Min 0.44

MW 90 Min 1.43

σ 90 Min 0.34

Mean 120 Min 1.38

σ 120 Min 0.26

Mean 180 Min 1.29

σ 180 Min 0.17

Mean 240 Min 1.27

σ 240 Min 0.11
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Eurocode 4 Part 1-2 contains design tables for composite beams comprising steel beams with 

partial concrete encasement as well as composite columns (totally encased steel sections, 

partially encased steel sections, concrete filled hollow sections). 

In general, the design tables in EC 6-1-2 contain no design values. Therefore, the design tables 

in the National Annex [6.8] are required for the fire safety design of masonry components. [6.8] 

contains tabulated values for  

 non-supporting walls with an integrity function, 

 supporting walls with an integrity function, 

 supporting walls without an integrity function, 

 supporting pillars and  

 Compartment wall. 

For verification of load-bearing walls and pillars, a load utilization factor should be determined. 

For sand-lime masonry made of solid bricks this factor can be calculated directly with αfi = 

NE,d,fi/NR,d [6.30] in accordance to tables [6.8] NA.B. 2.2, NA.B. 2.3 and NA.B. 2.4. 

For all other masonry blocks a utilization factor α6,fi is defined. This corresponds essentially to 

the α2-value in accordance to DIN 4102-4 (March 1994 edition). However, the calculation of 

the utilization factor should be adjusted for the design in accordance to EC 6-1-2, since the fire 

tests on which the tables are based on were mostly carried out with loads according to DIN 

1053-1. Henceforth, the utilization factor α6,fi takes into account that the design values of the 

compressive strength of masonry according to European standards differ from the previous 

values according to DIN 1053-1 [6.31]. Furthermore, the factor ω is introduced, which adapts 

the test results to the different types of bricks. It is defined as: ω = 0.7  fk/ σ0. 

 Simplified design methods 

 General information 

With simplified design methods it is generally verified that the decisive load actions Efi,d based 

on Eurocode 1 Part 1-2 for the required fire resistance time t are smaller than the structural 

component resistance Rfi,d,t. The measures that are taken to achieve this, include 

simplifications with regard to the determination of temperature for the cross-sections of the 

structural components and with regard to the description of the failure condition in the event of 

fire. 

 Eurocode 2 Part 1-2 

The simplified calculation method of the zone method contained in Eurocode 2 Part 1-2, Annex 

B.2 and approved for use in the National Annex is used to determine the reduction in the load-

bearing capacity of structural components exposed to fire due to the temperature-dependent 

reduction of structural component cross-sections and the temperature-based reduction of 

strength coefficients for a certain fire resistance time (Figure 6.13). Due to the reduction of the 

concrete cross-section, the external concrete areas that are directly exposed to the fire and 

are mainly worn down are not taken into account when determining load-bearing capacity. With 

the remaining cross-section, the ultimate limit state design can be performed analogously for 

ambient temperature according to [6.10], taking into account the temperature-related reduction 

of material properties of concrete and reinforcing steel. 
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Figure 6.13 Remaining cross-section of a reinforced concrete column exposed to fire on 4 

sides according to Eurocode 2-1-2 

The reduced cross-section of the structural component and the temperature-dependent 

reduction of the strength coefficients can be determined for rectangular cross-section shapes 

or cross-section shapes made up of right angles with the help of the equations and diagrams 

in Eurocode 2-1-2, Section 4.2.4 and Annex B.2. 

Another simplified design method for calculating the "hot" resistance of single span and 

continuous beams and slabs, approved for use in the National Annex, is given in the 

informative Annex E of Eurocode 2-1-2. The approximation method is particularly suitable for 

structural components where the existing axis distance of the reinforcement is smaller than the 

value required as a minimum value in the tables of Eurocode 2-1-2. A prerequisite for the 

application of the simplified design method is that the cross-sectional dimensions otherwise at 

least correspond to the values specified in the tables of Eurocode 2-1-2. 

The simplified design methods in Eurocode 2 Part 1-2, Annex B.1 (500°C isotherm method) 

and Annex B.3 (method for assessment of a reinforced concrete cross-section exposed to 

bending moment and axial load by the method based on estimation curvature) are not 

approved for use in the National Annex. 

For the fire safety design of reinforced concrete cantilever columns for which Method A cannot 

be applied due to their static-constructive boundary conditions, the National Annex of 

Eurocode 2-1-2 in Annex 1 contains a simplified verification procedure for the fire resistance 

class R 90, in which the design can be carried out using four so-called standard diagrams. The 

standard diagrams are valid for reinforced concrete cantilever columns  

 made of normal concrete with a strength class C30/37, 

 with cross-sectional dimensions h = 300 mm, h = 450 mm, h = 600 mm and h = 

800 mm, 

 with single-layer reinforcement consisting of reinforcing steel B500B, with the 

referenced axis distance of the longitudinal reinforcement u/h = 0.10 and a 

geometric reinforcement ratio of 2% and 

 with a four-sided fire exposure. 

Due to the extension of the scope of application to parameters that deviate from the values in 

the standard diagrams a broad spectrum of applications that are of practical relevance can be 

covered.  
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 Eurocode 3 Part 1-2 

In Eurocode 3 Part 1-2, approximation methods are provided for simplified mathematical 

verifications of structural components at the load-bearing capacity level and temperature level. 

For the method on the level of resistance, verification is based on the limit state of load-bearing 

in case of fire analogue design for ambient temperature: 

Efi,d,t  Rfi,d,t  (6.13) 

where 

Efi,d,t design value of the actions in case of fire, if applicable including the effects of 

thermal expansion and deformation, 

Rfi,d,t corresponding value of design resistance in case of fire (indices: fi for fire; d for 

design; t for time). 

In the method on the level of resistance the reduction in young’s modulus and yield stress due 

to the increased temperatures is taken into account. As with the procedure at the temperature 

level, the design steel temperature is decisive, which is assumed to be homogeneous over the 

cross-section and over the longitudinal axis of the member. This assumption is on the safe 

side in certain cases, e.g., for continuous beams. By way of simplification, the load-bearing 

capacity in fire situation in this case may be determined using an adaption factor. 

In the case of verification on the level of critical temperature, the cr-method, it is shown that 

the highest steel temperature a,max occurring in the case of fire remains below the critical steel 

temperature cr. The critical steel temperature cr is the temperature at which the resistance of 

the structural component is just as high as the stress due to mechanical loads. 

a,max  cr  (6.14a) 

For the calculation of steel temperatures of non-protected and protected cross-sections inside 

buildings, DIN EN 1993-1-2 lists equations for the determination of the temperature increase 

a,t at the time interval t. [6.32] lists approximation equations that can be used to determine 

the structural component temperatures in dependence on the fire duration and the section 

factor in the case of stress according to the standard temperature-time curve (Figure 6.14). 

Steel temperatures outside a building can be determined in accordance with EC 1-1-2 Annex 

B. 
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Figure 6.14 Temperatures for unprotected (Am/V) and clad steel sections (Ap/V . λp/dp) 

(according to [6.32]) exposed to the standard fire 

The critical steel temperature can be determined in dependence on the degree of utilization. 

The degree of utilization is calculated from the ratio of actions and load-bearing resistance at 

the beginning of the fire (t = 0): 

𝜇0 =
𝐸𝑓𝑖,𝑑

𝑅𝑓𝑖,𝑑,𝑡=0
=

𝜂𝑓𝑖

𝛾𝑀,20°𝐶
=

𝜂𝑓𝑖

1.1
  (6.14b) 

The reduction factor acc. to EC 3-1-2 2.4.2 (3) and National Annex may be set on the safe side 

at ηfi = 0.65, so that μ0 = 0.59. This results in a critical steel temperature of 557°C. Unless 

deformation criteria or influences from stability have to be considered, the critical steel 

temperature cr may be calculated for the utilization factor 0 assuming a uniform temperature 

distribution in the component with 

𝜃𝑎,𝑐𝑟 = 39.19 ⋅ 𝑙𝑛 (
1

0.9674⋅𝜇0
3,833 − 1) + 482 (6.15) 

where 

𝜇0 =
𝐸𝑓𝑖,𝑑

𝑅𝑓𝑖,𝑑,0
  (6.16) 

0 utilisation factor for components of cross-section class 1, 2 or 3 according to 

Eurocode 3 Part 1-1 and for tension members 

Efi,d stress in case of fire 

Rfi,d,0 component resistance at time t = 0 min 

 

For structural steel components without stability influence, γM,20°C =1.0 may be used. This 

results in μ0 = 0.65 and a critical temperature of θcr = 540 °C. 

For the fire safety design, the connections should be dimensioned in the way that they are not 

utilized more than the connected structural components. Due to the higher mass in the area of 

the connections caused by screws, stiffeners, head plates, etc., the heating and also the 

cooling of the connections, including the fasteners, is usually delayed in comparison to the 
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connected components. In Eurocode 3, Part 1-2, simplifications are given which allow a 

dimensioning without exact modelling of connections [6.33]. If protected and unprotected steel 

components are connected, the connection may be considered as protected according to the 

draft of EC 3-1-2 [6.34] if the cladding or the intumescent paint is extended at least 500 mm 

beyond the connection. According to DIN 4102-4 a range of 300 mm is sufficient for fire 

resistance classes F 30 to F 90 600 mm is required for fire resistance classes F 120 to F 180. 

In the draft of EC 3-1-2, the simplified design procedure for cross-sections of cross-section 

class 4 is modified and transferred from the informative annex to the standard Part 1-2. The 

new procedure enables higher load-bearing capacities in case of fire, because the effective 

yield point is now used instead of the proportional limit. For the cross-section class 4, with the 

exception of tension components, it is still possible to verify the critical temperature with θcrit = 

350°C. 

 Eurocode 4 Part 1-2 

Eurocode 4 Part 1-2 provides simplified design methods for protected and unprotected 

composite slabs, composite beams with and without encased concrete, steel beams with 

encased concrete and composite columns. 

The simplified design method for the design of composite slabs contained in EC 4-1-2 Annex 

D is based on [6.35]. In contrast to girders and columns, the design of composite slabs requires 

the verification of both the load-bearing capacity and the integrity function. The calculation 

process covers verification of the positive (and for continuous systems the negative) moment 

load-bearing capacity and the thermal insulation criterion. The cross-sectional temperatures 

are calculated in simplified mode separately for the upper and lower flange, web of the section 

as well the reinforcing steel in dependence on the type of concrete (normal or lightweight) and 

the targeted fire resistance class. The bending moment load-bearing capacity is reduced due 

to reduction in material strengths as a result of heating. In Germany, composite ceilings are 

currently subject to national technical approvals (abZ), which are also based on fire tests. 

Comparison calculations [6.36] have shown that the method in EC 4-1-2 leads to uneconomic 

results compared to the abZ. 

EC 4-1-2 Annex F specifies a method for the fire design of partially encased steel beams. This 

method takes account of the temperature influence for the cross-sectional areas of upper steel 

flange, slab and concrete encasement by means of area reduction. For the remaining areas – 

web and lower flange of the steel section as well as reinforcing steel in the concrete 

encasement and in the slab - reduction factors for strength are listed in dependence on the fire 

resistance time. The method can be used for single-span and continuous girders (continuously 

concreted ceiling slab, steel profile may be non-continuous) for fire resistance classes R 30 to 

R 180.  

The load-bearing capacity of composite girders without concrete encasement, where the steel 

profile is no higher than 500 mm and the thickness of the concrete slab is greater than 120 

mm, can be estimated based on the critical temperature and the temperature-based reduction 

in steel strength. For composite girders with a steel profile higher than 500 mm or with a 

concrete slab smaller than 120 mm, the bending load capacity can be determined with the help 

of the bearing load method. Detailed information on this is given in EC 4-1-2 Annex E. 

EC 4-1-2 Annex G outlines a simplified calculation method in which the temperature calculation 

is "bridged" using simplified approaches by directly determining the reduction in strength for 
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defined cross-sectional areas in dependence of the fire resistance time and cross-sectional 

massiveness. In order to calculate the plastic limit normal force and the effective bending 

strength in fire situation, the cross-section of the column is subdivided into the partial cross-

sections "flanges of the steel cross-section", "web of the steel cross-section", "concrete 

encasement" and "reinforcing bars". This method takes into account the loss of stability of the 

column due to the temperature-dependent decrease in rigidity [6.37]. The influence of 

slenderness is taken into account by special buckling stress curves that are valid for fire 

situation [6.38]. 

The simplified calculation method contained in EC 4-1-2 Annex H can be used to design 

concrete-filled hollow profiles with a buckling length up to 4.50 m and a width between 140 mm 

and 400 mm which are exposed to fire on all sides in line with standard time-temperature curve. 

The temperature distribution in the cross-section is calculated by means of thermal analysis 

using the advanced calculation method. The design of limit load capacity is carried out with the 

help of load-bearing charts. 

 Eurocode 5 Part 1-2 

In Eurocode 5 Part 1-2, the load-bearing behaviour of timber structural components in fire 

situation are influenced not only by the temperature development in the cross-section, but 

above all by the combustion of the outer cross-section zone that is directly exposed to the fire. 

For the fire safety design of load-bearing timber components, two simplified design methods 

are offered. Both methods are based on the combustion rate v and therefore calculate a 

specific combustion depth d after t minutes fire time. The combustion rate is specified in 

Eurocode 5-1-2, Table 3.1, depending on the type of wood (solid wood, laminated timber etc.). 

In the d-method or in the method with reduced cross-sections, the combustion depth dchar,n is 

increased by an amount d = k0  d0 (Figure 6.15). In simplified terms, the amount d takes 

account of the material properties in the residual cross-section that have to be reduced due to 

the increased temperatures. The load-bearing capacity verification for the effective residual 

cross-section may then be performed with the strength and deformation properties at normal 

temperature. The value d is defined in EC 5-1-2 Table 4.1 as a time-dependent variable. It 

must additionally be taken into account whether the ignited surface is exposed to the fire in 

protected or unprotected manner. 

  

Figure 6.15 Residual cross-section for bar-shaped timber structural components 
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Alternatively, the Tm-method or the method with reduced material properties may be used for 

pinewood with a rectangular cross-section which are three or four-sided exposed to fire as well 

as for round timber with standard fire load from all sides. Fire safety design is performed using 

the remaining residual cross-section as shown in Figure 6.15. For temperature-depended 

reduction of bending, compressive and tensile strength as well as modulus of elasticity, 

calculation functions are defined which are depended on the ratio of the residual cross-section 

to the area of the residual cross-section. 

Application rules for connections stressed with shear loads are listed in EC 5-1-2 in Chapter 

6.2 and 6.3. The rules apply exclusively to double-shear connections with a symmetrical 

design. Here as well, there are two alternatives for verification. On the one hand, the simplified 

method in EC 5-1-2 Table 6.1 specifies fire resistance time up to a maximum of 20 minutes 

that were designed at ambient temperature according to EC 5-1-1. The fire resistance times 

can be enhanced by increasing the dimensions relative to the required values according to EC 

5-1-1. This allows verification of fire resistance times of maximum 30 minutes. Alternatively, 

higher fire resistance times up to a maximum of 40 minutes can be achieved using the method 

with reduced loads without increasing the structural component dimensions. For higher fire 

resistance times of up to 60 minutes, the structural component dimensions should be increased 

analogous to the simplified method. A further improvement of the fire resistance time is 

possible by the arrangement of a cladding. Design rules for bolts exposed to pull-out stress 

are shown in Chapter 6.4 of EC 5-1-2. There are no design rules in EC 5-1-2 for carpentered 

connections. 

The informative Annex E of EC 5-1-2 lists approximation methods for verification of the 

temperature increase ΔT 140 K and ΔT 180 K on the side facing away from the fire for fire 

integrity-constructions. The fire resistance time can be calculated in dependence on the 

protection on the room side and the side facing away from the fire, the insulation in the cavities 

of the structural components and the dimensioning of the columns, ceiling beams and rafters. 

When calculating the fire resistance time of the components, the temperature flow at the 

different points of the cross-sections must be taken into account according to Figure 6.16. 

  

Figure 6.16 Temperature flow in sections a - d across fire integrity timber construction 

The "first draft" for the revision of EC 5-1-2 [6.39] announces some innovations for the fire 

safety design of timber components. On the one hand, it has been agreed that a fire resistance 

time of at least 90 minutes can be verified with all design methods. In addition, compared to 

the 2010 edition of EC 5-1-2, design tables will probably be included again as the first step in 

fire safety design. The type and scope of the design tables have not been conclusively clarified 

yet, so that no further details can be given at this stage. 
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In the course of a simplification of the Eurocodes, from the outset the aim of the revision was, 

to delete one of the two equal simplified level 2 design methods. Since the method with a 

reduced cross-section is universally applicable for softwood and hardwood with rectangular 

and round cross-sections in different fire exposure situations, while the method with reduced 

material properties may only be used for three or four-sided exposed to fire rectangular cross-

sections and round cross-sections of softwood exposed on all sides, the "first draft" only 

contains the method with reduced cross-section. This is remarkable since the method with 

reduced properties led to more economical results in some cases. The included char-model is 

extended by additional equations for the determination of the failure time of fire protection 

claddings.  

A simplified method for the design of cross laminated timber elements is newly included, which 

is based on the method with a reduced cross-section. Here, a distinction is made between the 

cases, whether on the one hand, the cross laminated timber is initially protected from charring 

by a cladding or not and whether on the other hand, the adhesive joint is thermally resistant or 

fails prematurely under the influence of the increasing temperature in case of fire. 

The methods for determining the combustion rate of wall studs and ceiling beams in fully 

insulated and uninsulated structures, which were previously contained in the informative 

Annexes C and D, have been revised and will be contained in the Part 1-2 of Eurocode 5. The 

same applies to Annex E for the calculation of the integrity function of wall and slab 

components. Furthermore, the rules for the calculation of fastener and component connections 

have been revised. 

For the "second draft", it is also planned to include a design method for wood-concrete 

composite slabs (HBV) (see Chapter Wood-concrete composite ceilings). At present, the 

design is primarily based on the general building authority approvals of the composite material, 

taking into account the general design principles of Eurocodes 1, 2 and 5. However, the lack 

of normative design regulations makes a complete assessment of the load-bearing capacity of 

HBV-Concrete slab systems difficult, which is to be changed in the future with the publication 

of a European product standard and for fire safety design by the inclusion in EC 5-1-2.  

 Summary of simplified design methods 

In summary, it should be noted that it is possible to calculate the load-bearing capacity of the 

structural components exposed to standard fire for a given fire resistance time using the 

simplified calculation method outlined in the fire safety parts of Eurocodes 2 to 5. The 

verification methods do not provide any information about the deformations that occur in the 

event of fire. With the exception of Eurocode 5-1-2, it is not possible to verify the integrity 

function and thermal insulation (T criterion). There are also no verification methods for the 

shear and composite load-bearing behaviour and for the spalling behaviour of reinforced 

concrete components. 

 Advanced design methods 

 General information 

Advanced design methods can be used for the fire safety design of individual structural 

components as well as partial and global structures with any type and shape of cross-section 

and for fully-developed fires or local fires. For the purpose of design, calculation parameters 

are needed to determine the temperature and load effects. These parameters can be found in 
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Eurocode 1 Part 1-2. Moreover, data on the temperature-dependent change in the thermo-

mechanical properties of the building materials (thermal conductivity, strength, thermal 

expansion etc.) are also required. The necessary information and data can be found in the 

specialised literature and the fire safety parts of Eurocodes 2 (concrete), 3 (steel) and 4 

(composite structures). The fire safety parts of Eurocodes 5 (timber) and 6 (masonry) contain 

no or only very general information. The following information therefore primarily focus on 

concrete, steel and composite construction elements. 

Moreover, when designing structural components, it must be ensured that possible types of 

failure which are not covered by the advanced calculation method (e.g., inadequate rotation 

capacity, spalling or falling of concrete coverings, local buckling, shear and b and composite 

failures as well as anchorage failure) are prevented by means of suitable design measures.  

According to the third draft of EC 2-1-2 [6.26], an imperfection with a sinusoidal course and a 

pass of L/1000 has to be used for the calculation of centrally loaded columns. For eccentrically 

loaded columns an imperfection can be neglected. According to EC 3-1-2 [6.3] the same 

applies for steel columns. 

According to the National Annex to Eurocode 1-1-2, advanced design methods may only be 

used for fire safety design of individual components, partial and entire structures if they have 

been validated. Corresponding validation examples can be found in Annex CC of the National 

Annex and are explained in Chapter Validation of the guideline. The verification should be 

reviewed by a qualified test engineer or test expert.  

 Decreasing component temperatures 

The fire models characterized in Chapter 5 of the guideline describe the development of the 

hot gas temperatures for a natural fire development with rising and decreasing temperatures. 

As a result of the decreasing hot gas temperatures, the cross-section of the component initially 

cools down only on the outside, but as time progresses it also cools down in cross-sectional 

areas further inside of the component. Transient cross-sectional heating becomes transient 

cross-sectional cooling. The thermal material properties in Chapter 6.3 have to be modified for 

calculation of the decreasing component temperatures. For example, vaporisation of the pore 

water in the concrete is not a reversible process, which means that the definition given in Figure 

6.5 for the specific heat capacity is only valid for the period with increasing temperature 

development. 

For decreasing component temperatures, it is necessary to take account of irreversible thermal 

material properties. For the calculation of decreasing temperatures [6.40] recommends 

calculations from the turning point of the temperatures (point K in the Figure 6.17) using the 

temperature conductivity coefficient linked to the maximum temperature until full cooling is 

complete. 

The effects of the irreversible thermal material parameters on the temperature distribution in a 

square concrete cross-section where b = 200 mm is shown in Figure 6.18. The figure shows 

the isotherms after a fire duration of 60 minutes: the thick lines are based on consideration of 

the irreversible thermal material parameters, while the thin lines do not take these parameters 

into account. 
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Figure 6.17 Temperature conductivity coefficient a of normal concrete with primarily siliceous 

aggregates for the heating and cooling phase 

 

Figure 6.18 Left: isotherms after a fire time of 60 minutes with (thick) and without (thin) 

consideration of the irreversible thermal material parameters; right: hot gas 

temperatures 

The temperature-dependent stress-strain curves and the thermal strains outlined in the 

Eurocodes are based on evaluations of material tests at high temperatures. The stress-strain 

curves are based on measured values from high-temperature creep while the thermal strains 

are based on measured values from heating tests with constant heating rate. Thus, for 

example, the strains of the stress-strain curves contain both temperature-dependent elastic 

and plastic components as well as the much greater high-temperature transient creep 
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components [6.41]. The material investigations and the subsequent evaluations result in 

imitations with regard to the application of stress-strain curves and thermal strains. 

The temperature-dependent stress-strain curves are only suitable:  

 For heating rates between 2 and 50 K/min, 

 for rising structural component temperatures (δT/δt  0), and 

 are not suitable for the calculation of constraining forces in structural components with 

a low elongation. 

The thermal strains are only suitable for rising temperatures of the structural component (δT/δt 

 0).  

The limitations should be taken into account in the calculation of the load-bearing and 

deformation behaviour of structural components and structures. In particular these accounts 

in the case of fire according to Chapter 5 of the guideline, where hot gas temperatures that 

characterise a natural fire development with increasing and decreasing temperatures are 

calculated using fire simulation models. 

In the case that the fire safety design of structural components and structures is to be carried 

out on the basis of the natural development of a fire, the fire safety parts of Eurocodes 2, 3 

and 4 recommend the use of alternative or modified stress-strain curves and thermal strains. 

These must be validated by testing. In addition, approximations are offered, which are 

compiled and explained below. 

Due to the rapidly rising hot gas temperatures, heating rates of over 50 K/min can occur in the 

outer margin zones of reinforced concrete, prestressed concrete and composite structural 

components in the first minutes of fire exposure. In this marginal zone, which is only a few 

centimetres wide, the temperature-related material softening can set in extremely rapidly. This 

reduces the contribution of the margin zone to the load-bearing capacity of the overall cross-

section. With longer fire periods, heating rates of less than 2 K/min will only occur inside the 

cross-section, in particular with massive cross-sections. The temperatures for these cross-

sectional areas remain close to the initial temperature for the entire duration of the fire 

exposure, which means that here the stress-strain curve for T ≈ 20 °C can be used without 

limitations.  

In steel structures, heating rates of more than 50 K/min will only occur in unprotected structures 

where failure will occur after less than 15 minutes of fire duration. The heating rates of 

protected steel structures generally remain within the range from 2 K/min and 50 K/min. 

The fire safety parts of Eurocode 2 and Eurocode 4 contain approximation models for 

calculations with falling component temperatures (dT/dt < 0). According to these models, the 

stress-strain curves for structural steel and hot-rolled reinforcing steel may be used as a 

sufficiently accurate approximation for increasing and decreasing steel temperatures. 

The informative Annex C to Eurocode 4-1-2 shows stress-strain relationships for concrete 

which are adjusted for natural fires with cooling phase. The peak value of the concrete 

compressive strength is reduced for the cooling phase depending on the maximum 

temperature reached. Figure 6.19 shows temperature-dependent stress-strain curves up to 

the maximum temperature θmax = 400 °C and the subsequent cooling to θmax = 20 °C. This 
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approximation approach does not take into account the irreversible compressions that occur 

during cooling [6.40]. 

  

Figure 6.19 Temperature-dependent stress-strain curves of concrete with a cooling phase 

according to Eurocode 4-1-2, Annex C 

The Eurocodes do not contain calculation information on deformations and thermal strains for 

decreasing temperatures. In [6.42], some measurement results of high-temperature transient 

creep tests with concrete specimens are published. They show pronounced irreversible 

residual strains depending on the maximum temperature reached. Figure 6.20 show that 

residual strains of approx. 4 mm/m occur in no-load samples following cooling after the 

samples had been heated to approx. 800 °C (curve 1). If the tests are performed with 10% 

(curve 2) or 60% (curve 3) load utilisation, the residual expansion strains in cooled-down state 

are in the region of - 5 mm/m. 

  

Figure 6.20 Strain of normal concrete after heating and cooling 
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For the investigation of the material behaviour of concrete under natural fire exposure, three 

representative concrete mixtures were analysed in [6.43], [6.44], [6.45], [6.46]. These are 

normal concrete (C 30/37), high-performance concrete (C 80/95) and ultra-high-performance 

concrete with a compressive strength of more than 150 N/mm². In addition to the thermal 

material parameters (density, specific heat capacity, thermal conductivity), the strength 

behaviour in the cooling phase was investigated by means of steady-state tests and the 

deformation behaviour by means of transient creep tests. The investigations have shown that 

depending on the considered parameters (thermal conductivity, density, thermal expansion, 

reduction in strength, etc.) there are differences of varying degrees between the material 

parameters in the heating phase and in the cooling phase. Furthermore, it should be taken into 

account that many different temperature profiles can develop during a natural fire.  

In summary, it applies for the stress-strain curves in case of decreasing temperatures that the 

concrete compressive strength must be reduced and that the calculation basis for rising 

temperatures can be used unchanged for structural steel and hot-rolled reinforcing steel. There 

are no validated stress-strain curves for cold-formed reinforcing steel, and for cold worked and 

quenched steel and tempered prestressing steel. This means that fire safety design with 

calculation models for structural components containing these construction materials is only 

possible up to the point where the maximum temperature is reached. 

For the deformations and thermal strain of concrete in the area of decreasing temperatures, 

there are no sufficient experimental values available that would allow the definition of validated 

calculation assumptions. By way of rough approximation, it is therefore suggested to use the 

same thermal strain parameters for the heating and cooling of concrete. This procedure can 

also be used for the thermal expansion of reinforcing steel, prestressing steel and structural 

steel. Using these approximations, it is only possible to provide an approximately valid picture 

of the load-bearing behaviour of the structural components and structures exposed to fire, but 

deformations can only be inadequately gathered or not gathered at all. Therefore, the 

requirement from the fire parts of the Eurocodes, where the calculated deformations should be 

reviewed with regard to their compatibility with support conditions and adjacent structural 

members, can only be carried out with limitations and considerable difficulties.  

 Thermal material properties of fire protective claddings and reactive fire protection 

systems 

Within the framework of [6.47] temperature-dependent material properties for fire protective 

claddings and intumescent coatings under natural fire exposure and recommendations for the 

application of suitable test methods for their determination have been developed. The following 

fire protection materials have been investigated: 

 gypsum plasterboard and gypsum fibre plasterboard, 

 Calcium silicate boards, and 

 solvent-based and water-based intumescent fire protection systems. 

Up to now, temperature-independent material parameters based on components tests under 

the fire exposure of the standard fire only existed for selected fire protection materials [6.8]. In 

[6.47], thermal material properties for various fire protection claddings, plasters and 

intumescent coatings were investigated in laboratory scale and calibrated and validated by 

means of a large-scale fire test. 
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It was shown that the thermal material properties of fire protective claddings and intumescent 

coatings are irreversible and have to be determined for the heating and cooling phase. In 

addition, especially in the heating phase, a heating rate dependence of the thermal material 

properties of fire protective claddings and intumescent coatings was shown. Temperature-

independent constant values for the thermal material properties do not cover the thermal 

material behaviour realistically. Figure 6.21 shows a comparative consideration between the 

steel temperatures determined in a real scale test and the steel temperatures calculated by 

simulations at the same temperature measuring point. Within the scope of the numerical 

investigations, the material properties contained in EC 3-1-2 and those determined in [6.47] 

were used. 

  

Figure 6.21 Comparative consideration between test data and calculated cross-sectional 

temperatures using the constant Eurocode material properties and the 

temperature-dependent material properties determined in [6.47] 

Recommendations for suitable test application and thermo analytical measuring methods are 

summarized in [6.47].  
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 Application assistance 

 General information 

As the Eurocodes offer design methods on three levels (tabular design methods, simplified calculation methods, and advanced calculation methods) 

the user often has the choice between formally equivalent verifications. The calculation time, but also the accuracy, increases with each level. The 

following tables provide an overview of which calculation methods are available for which structural components, provide some indication of the 

special features of the verification process, and show whether the increased calculation time is justified. 

Table 6.4 Overview of the verification alternatives; EC 2-1-2 

Structural component Level 1 Level 2 Level 3 Remark: 

Simply supported beams EC 2-1-2; Table 5.5 for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Annex E for standard 

fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Continuous beams EC 2-1-2; Table 5.6 (und 

5.7) for standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Annex E for standard 

fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Beams exposed on all 

sides 

EC 2.1.2; Chap. 5.6.4 EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Simply supported slabs EC 2-1-2; Table 5.8 for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Annex E for standard 

fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Continuous solid slabs EC 2-1-2; Table 5.8 for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Annex E for standard 

fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Flat slabs EC 2-1-2; Table 5.9 for 

standard fire 

--/-- --/-- B 

Simply supported ribbed 

slabs 

EC 2-1-2; Table 5.10 for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 
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EC 2-1-2; Annex E for standard 

fire 

Ribbed slabs with at 

least one restrained 

edge 

EC 2-1-2; Table 5.11 for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Annex E for standard 

fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

A 

Floor columns EC 2-1-2; Table 5.2a for 

standard fire 

EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

C 

Cantilever columns --/-- EC 2-1-2/National natural fire; 

Annex AA 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

D 

Non-load-bearing walls 

(partitions) 

EC 2-1-2; Table 5.3 --/-- EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

 

Load-bearing solid walls EC 2.1.2; Table 5.4 EC 2-1-2; Annex B.2 for 

standard fire 

EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

E 

Fire walls EC 2-1-2; Chap. 5.4.3 --/-- --/-- F 

Tensile members EC 2-1-2; Chap. 5.5 with 

Table 5.5 

--/-- EC 2-1-2; Chap. 4.3 for standard 

fire and natural fire 

 

 

NF: natural fire 

re. A) In case of standard fire, the first task is to carry out design based on tabulated data (Level 1). Levels 2 and 3 are only meaningful if the 

boundary conditions of the table are not met or if Level 1 does not supply the desired result. The 500°C isotherm method in line with Annex B.1 as 

alternative simplified calculation method was not approved via the NA. The available simplified calculation methods are Annex B.2 (zone method) 

and Annex E. *) 

re. B) EC 2-1-2 only contains a tabulated data for flat slabs. The simplified calculation methods may not be used, as the punching shear verification 

may be the key factor in fire situation. Verification against punching shear is also extremely difficult using the simplified calculation methods, as the 

shear characteristics in fire situation have not yet been fully investigated. 

re. C) Table 5.2a applies only to floor columns of a horizontally braced structure for which a restraint can assumed in firre situation. The zone 

method in line with Annex B.2 is not validated for the verification of columns. If the zone method is used for column verification, the additionally 

required assumptions should be published in the literature (EC 2-1-2/National Annex, NCI to "Annex B Simplified calculation methods"). *) 
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e. D) Table 5.2a does not apply to cantilever columns. Design diagrams for the fire safety design of cantilever columns that take account of the 

influence based on the theory of the 2nd order can be found in Annex AA of the National Annex to EC 2-1-2. *) 

re. E) In case of standard fire, the first task is to carry out design based on tabulated data (Level 1). One-sided fire exposure is to be assumed for 

partitions, while two-sided fire exposure is to be assumed for walls without integrity function. The zone method according to Annex B.2 is not validated 

for the verification of walls. If the zone method is used, the additionally required assumptions should be published in the literature (EC 2-1-2/National 

Annex, NCI to "Annex B Simplified calculation methods"). *) 

re. F) Verification of mechanical impact stress can only be carried out using tabulated data, as the advanced calculation methods do not yet supply 

any valid results for this parameter either. 

*) In the case of natural fire exposure, the only feasible method is the advanced calculation method. If the zone method is used, the Equations 

(B.11) to (B.13) should be evaluated, the reduction in compressive strength and cross-section in line with Fig. B.5 only apply in the case of a fire 

exposure in line with the standard temperature-time curve. 

 

 

 

 

 

 

 

 

 

 

 

Eurocode 3 Part 1-2 
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Table 6.4: Overview of the verification alternatives EC 3-1-2 

Structural component Level 1 Level 2 Level 3 

Tension members --/--* 
EC 3-1-2; Chap. 4.2.3.1 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4 for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

Compression members (CSC 1-3) --/--* 
EC 3-1-2; Chap. 4.2.3.2 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4** for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

Beams (CSC 1, 2) --/--* 
EC 3-1-2; Chap. 4.2.3.3 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4** for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

Bending (CSC 3) --/--* 
EC 3-1-2; Chap. 4.2.3.4 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4** for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

Members subject to combined 

bending and axial compression 

(CSC 1-3) 

--/--* 
EC 3-1-2; Chap. 4.2.3.5 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4** for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

Members (CSC 4)  --/--* 
EC 3-1-2; Chap. 4.2.3.6 for standard fire and NF 

EC 3-1-2; Chap. 4.2.4** for standard fire and NF 

EC 3-1-2; Chap. 4.3 for standard 

fire and NF 

        

CSC: cross-section class       

NF: natural fire       

*: There is no "Level 1" (tabulated data) for EC 3-1-2; alternative method: "Euro-nomogram" (see Chapter 6.5.4)  

**: Only applicable if deformation criteria or influences due to stability problems are ruled out 

 

 

 Eurocode 4 Part 1-2 

Table 6.5 Overview of the verification alternatives EC 4-1-2 
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Structural component Level 1 Level 2 Level 3 

Composite beams comprising 

steel beams with no concrete 

encasement 

--/-- 
EC 4-1-2 Chap. 4.3.4.2 and Annex E 

as well as D.5 for standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Composite beams comprising 

steel beams with partial concrete 

encasement 

EC 4-1-2 Table 4.1, 

4.2 und 4.3 for 

standard fire 

EC 4-1-2 Chap. 4.3.4.3 and Annex F 

for standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Composite columns with fully 

concrete-encased steel cross-

sections (concrete has load-

bearing function) 

EC 4-1-2 Table 4.4 for 

standard fire 

EC 4-1-2 Chap. 4.3.5.1 for standard 

fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Composite columns with fully 

concrete-encased steel cross 

section (concrete only for 

insulation) 

EC 4-1-2 Taböe 4.5 

for standard fire 

EC 4-1-2 Chap. 4.3.5.1 for standard 

fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Composite columns with partial 

concrete encasement 

EC 4-1-2 Table 4.6 for 

standard fire 

EC 4-1-2 Chap. 4.3.5.2 and Annex G 

for standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

concrete filled hollow sections EC 4-1-2 Table 4.7 
EC 4-1-2 Chap. 4.3.5.3 or 4.3.5.4 and 

Annex H for standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Unprotected composite slabs --/-- 
EC 4-1-2 Chap. 4.3.2 and Annex D for 

standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

Protected composite slabs --/-- 
EC 4-1-2 Chap. 4.3.3 and Annex D for 

standard fire 

EC 4-1-2 Chap. 4.4 for standard fire 

and NF 

        

NF: natural fire       

 

 

 Eurocode 5 Part 1-2 

Table 6.6 Overview of the verification alternatives EC 5-1-2 
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Structural component Level 1 Level 2 Level 3 Remark: 

Rectangular cross-sections made 

of softwood, exposed to fire on 

three or four sides 

--/-- EC 5-1-2; Chap. 4.2.2 for standard fire 

and NF 

EC 5-1-2; Chap. 4.2.3 for standard fire 

and NF 

EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

(Calculated values; Annex B) 

A 

Pole form cross-sections made of 

softwood, exposed to fire on all 

sides 

--/-- EC 5-1-2; Chap. 4.2.2 for standard fire 

and NF 

EC 5-1-2; Chap. 4.2.3 for standard fire 

and NF 

EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

(Calculated values; Annex B) 

A 

All structural components --/-- EC 5-1-2; Chap. 4.2.2 for standard fire 

and NF 

 

EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

(Calculated values; Annex B) 

A 

Assemblies whose cavities are 

completely filled with insulation 

--/-- EC 5-1-2; Annex C for standard fire EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

 

Assemblies with void cavities  --/-- EC 5-1-2; Annex D for standard fire EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

 

Unprotected connections EC 5-1-2; 

Table 6.1 for 

standard fire 

EC 5-1-2; Chap. 6.2.2.1 for standard fire EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

B 

Protected connections EC 2-1-2; 

Table 6.1 for 

standard fire 

EC 5-1-2; Chap. 6.2.2.2 for standard fire EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

B 

Axially loaded screws --/-- EC 5-1-2; Chap. 6.4 for standard fire EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

 

Determination of the separating 

function 

--/-- EC 5-1-2; Annex E EC 5-1-2; Chap. 4.4 for 

standard fire and NF 

 

re. A) With the simplified calculation methods, the component verification is to be carried out on the residual cross-section in line with EC 5-1-1, 

taking into account the temperature-depended reduction in strength. The mass burning rates listed in Table 3.1 only apply for standard fire exposure. 

The cross-section reduction in case of a natural fire may be determined in line with EC 5-1-2; Annex A. 
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re. B) The calculation rules of Levels 1 and 2 apply to symmetrical, two-shear connections subject with standard fire exposure. 
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 Assessment of calculation methods and verification of evidence 

 General information 

Various softwares are available for the calculation-based fire safety design of structural 

components and structures using advanced calculation methods, but the basic characteristics 

of the softwares vary widely, as the way in which the softwares are validated based on results 

from fire tests. The National Annex of EC 1-1-2 proposes a systematic procedure based on 

[6.48] for the systematic investigation of the physical, mathematical and mechanical calculation 

bases of calculation softwares with regard to thermal analysis, cross-sectional analysis and 

system analysis. The aim is to evaluate the applicability of the softwares for structural fire 

safety engineering by means of a sufficient number of validation and calibration examples. The 

idea is also to assess the applicability of the calculation models to real structures. The 

individual verification steps are validated one after the other using clear assessment criteria. 

For this purpose, a test matrix is used to check the calculation accuracy of the software used 

for the respective evaluation criterion, depending on the parameters. For the examples the 

testing matrix lists either existing analytical solutions or results of calculations using recognised 

calculation software for comparison purposes. Thus, the results obtained with the calculation 

software to be tested can be compared. Deviations should be within admissible tolerances. If 

these tolerances are not observed for all assessment criteria, limited approval of softwares is 

also possible. For example, softwares that do not adequately gather the system behaviour 

(bearing conditions, load) are not suitable for the fire safety design of statically indeterminate 

systems and/or systems whose stability is risky. However, the softwares can be used for the 

fire safety design of simply supported structural components [6.49]. 

[6.48] outlines assessment benchmarks which can be used to ensure that in case of the 

application of the softwares the safety level in Germany is keep. 

The evaluation criteria are divided into 

 Software verification, 

 Validation and falsification, and 

 Testing through calibration examples. 

Due to software verification a mathematically exact verification of the correctness of the 

software can be carried out. Validation or falsification can be used to verify the general 

calculation principles of softwares based on a systematic testing methodology. Testing of 

softwares based on calibration examples, which allow practically a simulation of a fire test, 

takes into account all variables that influence the fire resistance time of a structural component. 

 Software verification 

The calculation softwares for fire safety design are based on iterative methods that are used 

to determine approximation solutions, as there are generally no self-contained solutions to the 

differential equations on which the problems are based on. Therefore, a verification of 

softwares used for computational fire safety design will only be possible in exceptional cases. 

For engineering practice, test methods must be used with which the correctness of the 

softwares can be verified with high probability for a widest application range. 
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 Validation 

Validation is used to review certain areas of a software for correctness with the help of a 

systematic testing methodology (e.g., heat conduction in solid objects). The precondition for 

this is the existence of a clearly defined solution that can be worked out by means of manual 

calculation or based on calculations using generally recognised softwares. Due to the different 

boundary conditions with regard to the experiment and calculation processes, experimentally 

determined results generally cannot be used for this purpose. [6.48] contains validation 

examples for: 

 The thermal analysis 

- Heat transfer during heating 

- Heat transfer during cooling 

- Heat transfer with multiple layers  

 The cross-sectional analysis 

- Thermal expansion / extension 

- Temperature-dependent material properties 

- Limit load-bearing capacity (maximum of the σ-ε-T diagram)  

 The system behaviour 

- Static boundary conditions (supports) 

- Theory of the 2nd order 

- Development of constraint forces  

The validation examples developed in [6.48], provide a catalogue which can be used for the 

systematic assessment of the fundamental suitability of softwares for structural fire safety 

design of bar-shaped structural components based on individual sub-analyses. In the National 

Annex of Eurocode 1 Part 1-2, the validation examples have been aligned with the current EN 

versions of the Eurocode fire parts and reviewed for comprehensibility and plausibility. 

 Testing through calibration examples 

With the help of calibration examples, software -calculated and experimentally determined 

results are verified with regard to their conformity. It should be taken into account that an 

experiment generally only provides an excerpt of "reality", as experimental results are only 

available under certain conditions (supporting conditions, eccentricities, load application) for 

structural components and partial structures, and only in the most seldom of cases for global 

structures. Alternatively, design results according to the tables of DIN 4102 Part 4 or the fire 

parts of Eurocodes 2 and 4 can be used as feasible substitutes for test results, if all boundary 

conditions of the tables are known. [6.48], contains calibration examples for 

 Reinforced concrete beams with low and high percentage of reinforcement, 

 Reinforced concrete columns, and 

 Axial loaded steel-composite columns with partial concrete encasement. 
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The calibration examples serve to verify the correctness of a software based on comparison 

with experimental results. The consequence is that the calculation results are subject to a 

certain degree of fluctuation. The admissible deviations (tolerances) from predefined solutions 

that are chosen must be far larger than with the validation examples, for which a clearly defined 

solution is generally available. 

The available verification examples must be extended to other construction methods such as 

structural steel or timber construction in order to cover all application areas of advanced design 

methods. 

 Admissible deviations 

With the validation examples, and in particular with the calibration examples, there will be 

differences between the solutions computed by different softwares. Various aspects need to 

be taken into consideration when defining admissible limiting deviations (tolerances) from the 

predefined solutions. Different solutions may be calculated due to different numerical methods 

(FEM, difference equations) and equation solvers (iteration conditions and limits) [6.50]. 

Therefore, it is conceivable that some softwares approximate the results of the validation and 

calibration examples well in some cases with low deviations and less well in other cases.  

The admissible deviations from model calculations in the validation and calibration examples 

must be based on stochastic model uncertainty. Since there are usually clear solutions for the 

validation examples, only small deviations can be accepted. In the case of calibration 

examples based on the experimental results, higher admissible deviations must also be 

accepted when assessing the softwares due to the greater model uncertainty. 

The admissible deviations were defined in the collection of examples in the National Annex 

CC to EC 1-1-2 [6.38] as 1% to 3% of the reference variable for the validation examples that 

are used to investigate systematic calculation principles and as 5% to 10% of the reference 

variable for the calibration examples. 

 Sample collection in the National Annex 

National Annex CC of Eurocode 1 Part 1-2 contains validation and calibration examples that 

can be used to review the applicability of softwares for the structural fire safety design of 

components and partial structures, and therefore also for the investigation of the suitability for 

application to real structures. The collection of examples consists first and foremost of eleven 

examples that can be used to review the main calculation principles for heating as well as the 

temperature-dependent load and deformation behaviour in validation examples and, secondly, 

the overall calculation process using calibration examples by re-calculating a fire test. 

The validation examples serve to validate the individual steps of verification one after the other 

based on clearly defined assessment criteria. To this end, the calculation accuracy of the 

software used for the assessment criterion in question is reviewed on a parameter-dependent 

basis with the help of a test matrix. The test matrix lists either existing analytical solutions or 

results of calculations of recognized softwares for the respective example for comparison in 

question for the purpose of comparison. In a next step this is used for comparison of the results 

obtained with the calculation software to be reviewed. Deviations should be within admissible 

tolerances. 
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The calibration examples can be used to re-calculate the “entire calculation process” as with 

the simulation of a fire test. The collection of examples in National Annex CC currently only 

contains three calibration examples for reinforced concrete structural components as well as 

one example for a steel composite girder. 

The collection of examples was compiled as part of the research project [6.48] and adapted to 

the current versions of the Eurocode fire safety parts. The collection of examples cannot claim 

to be exhaustive; in other words, even if all examples are successfully processed, this is no 

guarantee that a software is free of errors. However, the validation of a software on the basis 

of the collection of examples guarantees a minimum standard. 

The collection of examples can be expanded in the future as described above. In the final 

analysis, however, the responsibility for the correctness of the software remains with the 

creator of the software and for the application of the software with the user, who has to review 

the plausibility of the obtained results. 

National Annex CC of EC 1-1-2 states that the creator of a calculation software designed to 

perform verifications based on the advanced calculation methods should independently 

calculate the validation examples before the software is used for fire safety design verifications 

that are of relevance in terms of the building codes and regulations. The input data and 

calculation assumptions should be used unchanged according to the software description. 

Using the tabular overviews contained in the National Annex to EC 1-1-2, a documentation 

should be prepared about the results obtained by the software creator within the scope of the 

validation. Deviations from the model results should be within the specified admissible 

deviations. 

 Ring calculation 

In practice, the fire safety design of load-bearing components is increasingly carried out with 

advanced design methods. The design or simulation of fire exposed structural elements or 

load-bearing structures is generally more cost-effective than real-scale fire tests. Within the 

framework of a ring calculation, comparative calculations were carried out by different users 

considering a fire exposed steel and a reinforced concrete column using different software 

softwares. Ring calculations serve to evaluate the scattering of results within a precise 

question due to the influences of different parameter settings of the softwares and different 

users.  

The presented ring calculation is based on two real scale fire tests, which were carried out at 

the Institute of Building Materials, Concrete Construction and Fire Safety of the TU 

Braunschweig. A detailed test description and evaluation of the simulations is given in Annex 

A6.1. 

In the first fire test, an unprotected HEB 300 steel column with a steel grade of S355 was 

investigated. The length of the double-sided hinged supported column in the fire test was 3.64 

m. This included steel plates (40x40x4 cm³) on both sides, which were necessary for the 

installation of the column into furnace. The column was loaded with 1,530 kN and then exposed 

to a four-sided standard fire. The mechanical load was applied with an eccentricity of 3 cm. 

During the test the horizontal deformation was measured in mid-high of the column. In addition, 

the surface temperatures of the web and of one flange were measured. 
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The numerical investigations have shown that the calculated temperatures agree very well with 

the experimental results in 4 out of 5 simulations. In all simulations, the calculated failure time 

is shorter than the actual failure time in the test. 

In the second fire test, a reinforced concrete column with a cross-section of 200 mm x 200 mm 

and a concrete strength class C 20/25 was examined. The influence of different pre-

deformations was also investigated in the ring calculation. In [6.51], for axial loaded columns 

it was determined, that assuming a parabolic pre-deformation along the length of the column 

with a pass of L/2000, leads to a very good agreement between the test and calculation results 

using the advanced design method. According to EC 2-1-1, a pre-deformation of L/400 is 

required [6.52]. In the course of the ring calculation, the pre-deformation (L/1000, L/1500, 

L/2000) was the varying parameter.  

With regard to the thermal analyses, the calculated temperatures in the cross-section centre 

of the reinforced concrete column and in the bar axis of the longitudinal reinforcement agree 

well with the test results. 

Due to the different selected support conditions of the users within the framework of the model 

development and the real support situation in the furnace, shorter and longer failure times were 

calculated in the simulations compared to the failure time in the test. On the basis of the 

numerical investigations, it was determined that for identical boundary conditions including the 

same user and the software, the influence of the pre-deformation with regard to the calculated 

failure time is minor importance.      

6.6 Concrete spalling 

Rapid heating and high temperature effects can lead to concrete spalling which can cause 

serious damage to the concrete structural components. Spalling is subdivided into explosive 

spalling, aggregate spalling and the falling away of concrete layers. The falling away of 

concrete layers occurs as a result of the attrition of the concrete after prolonged exposure to 

fire. Aggregate spalling occurs when individual aggregate particles break off due to the 

mineralogical structure of the aggregate. Explosive spalling occurs at the beginning of a fire. 

A major cause of this is the moisture content of the concrete. The mass transport in the form 

of water, water vapour and air through the pore system of the concrete leads to tension as the 

concrete heats up. In addition, internal stresses occur in the cross-section, which are caused 

by the different expansion behaviour of the concrete components and by the non-linear 

temperature distribution in the concrete cross-section. Several factors have an influence on 

the internal stresses that arise, such as the temperature rise at the beginning of a fire, the 

external mechanical loads, the geometry, the type of aggregate, the moisture content, the 

permeability and the concrete strength. 

The explosive spalling can damage the concrete cross section to such an extent that the load-

bearing capacity is endangered. The rule of thumb is that the denser the concrete, the greater 

the risk of explosive spalling. As there are many factors that influence spalling, however, the 

measures outlined here are based on EC 2-1-2 and a publication on tunnel fires [6.53]. 

In case of designing concretes of strength classes up to and including C50/60 using the tables 

according to EC 2-1-2 the effect of spalling is already taken into account and no further 
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measures are required. When using simplified and advanced design methods, spalling shall 

be considered separately if the minimum cross-sectional dimensions of the design tables are 

not met.  

For high-strength concrete up to strength class C100/115, suitable measures should be 

selected, such as increasing the tabulated minimum cross-sectional dimensions. The values 

for this are given in EC 2-1-2 Chapter 6.4.3. In order to limit spalling, polypropylene fibres can 

also be used. Experimental verifications are required for concretes and structural components 

that cannot be complied with these measures. The application of fire protection cladding is a 

further possibility to reduce spalling.  

In the third draft of EC 2-1-2 [6.26], the design regulations regarding spalling are intensified. 

Fire tests have shown that structural components exposed to the standard fire with a concrete 

strength < 70 MPa generally show little or no spalling, but from a strength of 70 MPa onwards 

spalling is to be expected to be more frequent. For structural components with a concrete 

strength of at least 70 MPa, experimental verification is therefore either required in order that 

no significant spalling occurs or the concrete mixtures has to include 2 kg/m³ polypropylene 

fibres. 

6.7 Special construction methods 

 High strength and ultra high strength concrete 

Structural components made of high-strength concrete can also be designed in accordance 

with EC 2-1-2 [6.2] based on the methods for normal concrete. For certain conditions, the 

tabular data can also be used for the design of components made of high-strength concrete.  

Chapter 6 of EC 2-1-2 lists data on the mechanical properties of high-strength concrete which 

can be used for design purposes. The thermal properties can be taken from those for normal 

concrete.  

Figure 6.22 shows the reductions in strength for high-strength concrete in line with Eurocode 

2. A distinction is made between three classes based on the strength of the high-strength 

concrete. Class 1 comprises concrete C 55/67 and C 60/75, class 2 comprises C 70/85 and C 

80/95, and class 3 comprises C 90/105. In the case of concrete types with strengths higher 

than class 3, the material parameters should be determined by experimental means. 



6  Fire safety verifications of structural element and structures 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 221 / 464 

  

Figure 6.22 Strength reduction fc,Θ / fck of high strength concrete 

The stress-strain curves for the various classes can be determined with the help of strength 

reduction and the values for the parameters of the stress-strain relationships for normal 

concrete at elevated temperatures. Figure 6.23 shows by way of example the stress-strain 

curves for concrete of strength class C 70/85 and C 80/95 (class 2). 

  

Figure 6.23 Stress-strain curves of high-strength concrete; in this case class 2 

In addition, it is necessary to take the possibility of explosive concrete spalling into account; 

this spalling may be far more serious in the case of high-strength concrete than with normal 
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concrete due to the higher density. Concrete classes C 55/67 to C 80/95 with a content of silica 

fume of less than 6% of the cement weight are subject to the same regulations as normal 

concrete. EC 2-1-2 outlines various methods (A to D) to avoid explosive concrete spalling in 

the case of higher content of silica fume or higher concrete classes.  

In more recent research studies, concretes with strength classes higher than C100/115 (ultra-

high strength concretes (UHPC)) are considered [6.54]. At the Technische Universität 

Braunschweig temperature-dependent thermal material and stress-strain relations for ultra-

high strength concrete have been developed. The focus was in particular on spalling behaviour 

as, due to the high density, the explosive spalling at the beginning of a fire can cause 

considerable damage that pose a threat to load-bearing ability. In order to reduce the spalling 

capacity, different amounts of polypropylene fibres were added to the UHPC mixture during 

the investigations. With regard to the spalling behaviour of UHPC, it has been demonstrated 

as set out in [6.54] that by adding a PP-fibres content of 2 kg/m³ or more, spalling can be 

limited to a negligible level. The single components of the concrete mixture design have been 

continuously developed so that even higher concrete compressive strengths can be achieved 

with an even denser structure. This may require an increase of the PP fibre content. However, 

in this context it should be taken into account that an excessively high PP fibre content can 

cause strength reductions. At present, there are no design regulations for UHPC within the 

scope of Eurocode 2 Part 1-2. Thus, the application of UHPC can only be made by approval 

in individual cases. 

 Self-compacting concrete 

Self-compacting concrete is characterised by the fact that there is no compaction effort need 

after placing the concrete into the formwork. This includes venting and filling the spaces 

between the reinforcements. For rheological reasons, the fine aggregate content of self-

compacting concrete must be increased, which reduces permeability. Analogous to high-

strength and ultra-high-strength concretes, this also increases the spalling risk. Thus, 

appropriate measures (e.g., PP fibres) must be provided. In [6.55] it was determined in a series 

of tests on self-compacting concrete samples that a PP fibre content of 1.5 kg /m³ is too low to 

prevent explosive spalling in water-stored concretes. However, in the case of air-stored 

concrete samples this content proved to be sufficient.  

Self-compacting concrete has special fresh concrete properties. In order to ensure these 

properties, the German Committee for Reinforced Concrete (Deutscher Ausschuss für 

Stahlbeton) published corresponding specifications in a guideline [6.56], which has been 

added to the building codes. With regard to the properties of hardened concrete, self-

compacting concrete does not differ from normal concrete and is therefore not dealt separately 

in the fire parts of the Eurocodes [6.2] [6.4]. 

 Lightweight concrete 

The design methods for normal concrete contained in Eurocode 2-1-2 [6.2] also apply to 

lightweight concrete up to strength class LC55/60. However, temperature-dependent material 

properties of lightweight concrete are not included. Eurocode 4-1-2 provides thermal and 

thermo-mechanical material properties of lightweight concrete with densities between 1,600 

and 2,000 kg/m³ that deviate from the material properties of normal concrete contained in [6.2]. 
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For example, compared to normal concrete the compressive strength of lightweight concrete 

is reduced from a temperature above 400 °C (normal concrete at 300 °C); at higher 

temperatures, the strength of lightweight concrete decreases more rapidly compared to normal 

concrete. Furthermore, the temperature-dependent thermal conductivity of lightweight 

concrete is below the lower function contained in Eurocode 2-1-2 [6.2] (see Chapter 6.4.1.2). 

 Carbon concrete or textile concrete 

The reinforcement in carbon concrete consists of carbon fibres, lamellae or textile scrim 

structures. As a result of a low glass transition temperature of adhesives and impregnating 

materials (50°C to 100°C) an early decrease in strength properties occurs, which is why the 

application range for bonded CFRP lamellas is below the glass transition temperature of the 

adhesive and the lamella. From the fire safety point of view, textile scrims (fibres) which are 

embedded in the concrete are more advantageous. In [6.57], investigations are reported which 

show that carbon fibres oxidise at approximately 550°C and are completely thermally 

decomposed at approximately 760°C. In [6.57], the tensile strength of carbon concrete 

specimens of different material combinations was investigated and compared with further 

literature references. It is found that the tensile strength of carbon concrete at 200°C decreases 

to approximately 80% of the initial strength, at 300°C still reaches approximately 60% and at 

500°C still approximately 20% of the initial strength. Therefore, carbon concrete components 

require higher concrete coverings or additional fire protection measures such as claddings. 

 High strength reinforcing steel 

The application of high-strength reinforcing steels (e.g., SAS 670/800) is increasing. So far, 

little is known about the high-temperature behaviour of these high-strength reinforcing steels. 

Tests [6.58] have shown that the high-temperature behaviour corresponds to that of B 500 

when the strength is modified. However, since the tests were carried out as structural 

component tests, no reliable information concerning the material behaviour is available. Thus, 

for the application of high-strength reinforcing steels, the thermal material properties must first 

be determined by tests. The design can be carried out with the values of the test results 

according to EC 2-1-2. 

 High-strength structural steel 

Steel grades with higher strengths are being developed for steel construction. These include 

the normalized fine-grained structural steel S460N and the thermomechanical rolled fine-

grained structural steel S460M. In [6.59], the mechanical properties of two steel grades S 460 

M and S 460N were compared with those of DIN EN 1993-1-2. It turned out that the 

thermomechanical rolled steel S460M is covered by these material properties, but the steel 

S460N material behaviour is more disadvantageous (see Figure 6.24).  
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Figure 6.24 Comparison of stress-strain relations of S460N, S460M and the material properties 

according to EC 3-1-2, taken from [6.59] 

For the fire safety design of structural components made of S460N steel the temperature-

dependent reductions in the yield strength should therefore be made as shown in the Figure 

6.25.  

  

Figure 6.25 Reduction of the yield strength Rt2.0 derived from tests and according to Eurocode 

[6.59] 

 Galvanized steel 

Hot-dip galvanised structural steel components have a better heating behaviour compared to 

bare structural steel. This is due to the different surface properties, expressed by the emissivity. 

In [6.60] a two-stage emissivity concept was developed which will also be included in the next 
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Eurocodes DIN EN 1993-1-3 and DIN EN 1994-1-2 generation. The Emissivity εm in 

dependence of steel surface temperature is shown in Table 6.7. 

Table 6.7 Emissivity εm in dependence of the steel surface temperature 

Surface temperature T ≤ 500°C T ≥ 500°C 

Structural Steel 0,70 

Hot-dip galvanized structural 

steel1 
0,35 0,70 

Hot-dip galvanised structural steel according to DIN EN ISO 1461 and a steel composition 

according to categories A and B of DIN EN ISO 14713-2.  

The potential of the galvanization is shown in Figure 6.26 for a bending component which has 

a fire resistance class of 30 minutes on the basis of the utilization factor of µ0 at the time t = 0. 

According to this for massive components galvanizing leads to almost a doubling of the load 

capacity. Assuming a simplified µfi = 0.65 for common buildings, only small reserves have to 

be provided in the cold design and the verification of the fire resistance class R 30 is possible 

without passive fire protection measures. It should also be noted, however, that profiles with 

lower masses and with galvanisation in cold design may only have very low utilisation in order 

to be able to fulfil the verification of fire resistance class R 30 without protective measures. 

  

Figure 6.26 Comparison of the utilization factors µ0 for galvanized and ungalvanized 

components for a fire resistance time of 30 minutes based on [6.60] 

 Composite columns with adjustable profiles 

A sophisticated arrangement of the materials structural steel and concrete in the cross-section 

enables competing demands on load-bearing capacity, fire resistance and slenderness of 

composite columns with adjustable profiles. As a result of the low thermal conductivity and 

high heat capacity of concrete, the heating of the internal steel profile is significantly delayed 

in the event of fire. Furthermore, the concrete in combination with adjacent steel elements 

forms a composite cross section and thus contributes to a particularly economical construction 
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method. In order to ensure a fast construction process and an optically appealing surface, a 

hollow steel profile is used as the outer element of the columns.  

For practical purposes, different profiles are used as adjustment profiles in order to increase 

certain properties, such as the bending stiffness. Inside the concrete filled hollow columns, 

standard rolled or welded profiles as well as sheet metal packages or solid steel cores can be 

arranged. Composite columns with an adjustable profile can be designed individually via the 

dimensions of the individual cross-sectional components with regard to the required load-

bearing capacity and fire resistance time. Generally, fire resistance times of 90 or 120 minutes 

without additional fire protection measures can be achieve in dependence of the selected 

adjustment profile and the thickness of the concrete cover. Here, the concrete serves and is 

dimensioned specifically for the thermal protection of the steel profile. 

In general, EC 4-1-2 allows the design of concreted hollow profile columns with adjustment 

profiles, but there are no holistic and applicable design methods available for composite 

columns with adjustment profiles. 

In [6.61], a simplified design method for concreted hollow section columns with adjusted 

double-T sections is presented. The method includes a simplified temperature determination 

as well as a load-bearing capacity determination on the basis of reduced strength and stiffness 

values using the equivalent member method. In [6.62] a design method for concreted hollow 

section columns with solid steel cores is presented. Here, the columns made of "thermally 

protected steel core columns" are designed on the basis of EC 3-1-2. For the determination of 

the steel core temperature, analytical relationships are given, which include the cross-section 

geometry and the fire resistance time.  

In [6.63] approaches for the design of concreted hollow section columns with a second 

adjusted hollow section (so-called "double-tube" or "double-skin" columns) were developed.  

 Wood-concrete composite ceilings 

Wood-concrete composite ceilings are gaining more and more importance in the construction 

industry. Wood-Concrete composite ceilings are ceiling systems with linear or planar wooden 

components that are connected usually to a monolithic concrete slab with a special metallic or 

form-fitting composite material to form a shear-resistant composite cross section. In order to 

create the composite load-bearing capacity, special bonding elements are provided in the 

wood, which connects the woods with the commonly applied site concrete layer. In recent 

decades, especially in multi-storey timber construction it has been applied as a successful 

system for covering large spans. With regard to sustainable and resource-saving construction 

methods, the minimization of the consumption of steel and concrete on solid ceilings by 

replacing the tension zone with wood represents an ecologically and statically efficient 

alternative to pure solid construction. In the event of fire, the wood on the side facing the fire 

protects both, the concrete layer and the remaining cross-section of the wood by burning off in 

the form of an insulating carbon layer. This reduces the temperature effect on the remaining 

composite cross section as well as the composite joint. The temperature susceptibility of the 

composite material can be counteracted by an appropriate framed wood covering. The smoke 

tightness of the ceilings is reliably ensured by the monolithically applied concrete layer. 

For the design of the wood-concrete composite ceilings see Chapter Eurocode 5 Part 1-2. 
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6.8 Verifications according to DIN 4102 Part 4 

When the ARGEBAU conference of German construction ministers in the various federal 

states decided to introduce the Eurocodes as binding standards for design at normal 

temperature and for fire situation in 2012, it became necessary to remove the verifications that 

already existed in the Eurocode as conflicting provisions in DIN 4102-4 [6.64]. However, it is 

necessary to retain DIN 4102-4 as the "residual standard" for fire protection design rules that 

are not included in the Eurocodes, such as special components and historical construction 

methods, so that no "verification gap" arises [6.65]. In contrast to the Eurocodes, the fire 

resistance classes are still indicated with the national abbreviation F, since the underlying fire 

tests were carried out on the basis of national test standards. 

All interior constructions- drywall construction, suspended ceilings, etc. - are retained in DIN 

4102-4 and are supplemented by more recent test results. The verifications of DIN 4102-4, 

which are included in the Eurocodes, such as the design tables for reinforced concrete 

components, are not included in DIN 4102-4 anymore. All previous verifications of DIN 4102-

4 that are not regulated in the Eurocodes remain in DIN 4102-4. 

Table 6.8 shows the structure of DIN 4102-4 [6.64]. The section classified concrete structural 

components contains structural components made of reinforced concrete and prestressed 

concrete slabs as well as prestressed hollow-core slabs, reinforced concrete and prestressed 

concrete ceilings and roofs made of prefabricated elements, reinforced concrete and 

prestressed concrete ribbed ceilings, reinforced concrete and prestressed concrete slab beam 

floors as well as brick floors according to DIN 1045-100. The list continues with reinforced 

concrete and prestressed concrete beam ceilings and corresponding ribbed ceilings with 

intermediate components. The fire resistance classes of reinforced concrete ceilings in 

combination with concrete-embedded steel girders and vaulted ceilings are retained, as are 

the reinforced steel roofs and reinforced steel columns as well as reinforced concrete and 

prestressed concrete tension components. Classified reinforced concrete walls are now 

included. The chapter concludes with notes on high-strength concrete and lightweight concrete 

with closed and porous structures.  

Table 6.8 Structure of the content of DIN 4102-4 

Section Building products Content 

 - Foreword 

 - Introduction 

1 - Area of application, basic principles 

2 - Normative references 

3 - Terms 

4 Building materials Building materials  

5 Structural Components Concrete, light concrete 
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6 Aerated concrete 

7 Structural Steel 

8 Timber 

9 Masonry 

10 Interior construction Drywall constructions 

11 Special construction Special components 

  Literature 

 

The section with classified building components made of reinforced aerated concrete includes 

ceiling and roof slabs and load-bearing and non-load-bearing walls made of reinforced aerated 

concrete panels. 

The section with classified structural steel components contains design methods and fire 

resistance classes of protected steel beams and columns as well as fire resistance classes of 

steel tension elements. Apart from this, the verifications for load-bearing steel components that 

are covered by Eurocode 3 Part 1-2 are not included. 

The section with classified timber structures covers basic design methods of timber structures 

as well as fire resistance classes of ceilings in timber panel design, timber beam ceilings, roofs 

made of timber and wood materials, special timber structural components and joints. This is 

followed by classified walls made of timber constructions like 2-layer walls made of wood-wool 

lightweight boards, timber-framed walls, walls in timber panel design and walls made of solid 

wood. In addition to the regulations in the main standard, an amendment A1 to DIN 4102-4 is 

prepared, which contains further verifications for timber constructions.  

The section with classified masonry walls includes load-bearing and non-load-bearing masonry 

walls. 

In the drywall construction section, all classified wall and suspended ceiling constructions are 

summarized. Here, a few construction details are added which are needed and requested for 

practical purposes. In addition, some more recent test results are taken into account. Further 

classified drywall constructions will be regulated in future by the amendment A1 to DIN 4102-

4. 

In the section with special constructions, the non-load-bearing exterior walls, ventilation ducts, 

installation shafts and installation ducts are summarised. The section on roofing has been 

considerably expanded due to recent findings. 

6.9 Industrial buildings 

According to the building regulations of the federal German states, industrial buildings are 

classified as special types of buildings and spaces or for special utilisation purposes. In 

combination with DIN 18230 Part 1 [6.66] and the application of Section 7 of the German Model 

Industrial Buildings Guideline using the method of equivalent fire duration creates a uniform 
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process for the fire safety design of industrial buildings that takes account of the specific 

aspects and requirements of industrial use. Although the application of the Eurocode fire safety 

design in industrial construction is formally excluded according to MVV TB, however, from a 

scientific point of view it would be possible. 

DIN 18230-1 is used to determine the analytically required fire resistance time of the structural 

components in fire compartments of industrial buildings. The fire safety assessment takes into 

account boundary conditions such as building dimensions, fire loads, opening areas, enclosure 

components and installation systems. It is assumed that, in the event of a fire, failure of 

individual structural components will not occur with sufficient probability or will not lead to 

collapse of the supporting construction (partial structure, overall structure) and that firefighting 

inside the building is feasible over an appropriate period of time. By converting the fire load 

into an equivalent fire duration by taking account of ventilations and enclosing components, 

the fire effect on a structural component in a natural fire is reduced to the fire effect in a 

standard fire. Taking evaluation and safety factors into account, the fire effects are used to 

calculate the analytically required fire resistance time erf tf of the structural components is 

calculated and is assigned to the fire resistance classes according to DIN 4102 or DIN EN 

13501-2 [6.19].  

The calculation method in DIN 18230-1 determines the admissible area and the requirements 

for structural components based on safety classes for a fire compartment. The equivalent fire 

duration teqv is determined according to equation (6.17). 

𝑡𝑒𝑞𝑣 = 𝑞𝑅 ⋅ 𝑐 ⋅ 𝑤  (6.17) 

where 

qR  Calculated fire load in kWh/m2 

c    Conversion factor c in min  m2/kWh 

w  Ventilation factor to take account of ventilation conditions [-] 

The determination of teqv is always considered global for the entire fire compartment. It may, 

however, also be necessary to take multiple levels, partial areas and partial compartments into 

consideration. The principle for determination of the equivalent time of fire exposure is outlined 

in Figure 6.27. The equivalent fire duration teqv describes the point in time at which 

approximately the same fire effects occur in a standard fire as in a natural fire. As a measure 

for the fire effect, the component temperatures of a natural fire and the standard fire are 

compared. Here, the equivalent fire duration teqv is the time at which the structural component 

temperature in a standard fire reaches the maximum value of the structural component 

temperature in a natural fire. 
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Figure 6.27 Determining the equivalent fire duration teqv  

The analytically required fire resistance time erf tF is determined according to equation (6.18). 

  erf  𝑡𝐹 = 𝑡𝑒𝑞𝑣 ⋅ 𝛾 ⋅ 𝛼𝐿                  (6.18) 

where 

γ  Safety factor for components of fire safety class SKb 3, SKb 2 and SKb 1 

αL Additional coefficient to take account of system-based fire protection 

Finally, the analytically required fire resistance time erf tf based on equation (6.18) is allocated 

to the designation of fire resistance classes according to DIN 4102 or DIN EN 13501-2.  

If DIN 18230-1 is applied, all boundary conditions of the standard relating to the assessment 

of protected and unprotected fire loads, heat combustion and combustion factor of combustible 

materials, the number of building storeys, and the firefighting compartments with sub-

compartments or sub-areas should be taken into account. 

6.10 Summary 

In this chapter, the different possibilities for the verification of structural elements and 

structures in case of fire are presented. The fire resistance classes "fire resistant for 30 

minutes", "fire resistant for 60 minutes" and "fire resistant for 90 minutes", specified in the 

building regulations of Germany's federal states are firmly tied to the standard temperature-

time curve. For the fire protection verification, the Eurocodes basically offer three equivalent 

verification methods on different levels. 

The verifications on Level 1 (tabulated data) can be performed by means of a simple 

comparison with the tabulated values. The simplified calculation methods on Level 2 are based 

on the verifications for structures at normal temperature and are therefore known to structural 

engineers. However, special fire protection characteristics also have to be taken into account. 

The advanced calculation methods on Level 3 permit exact numerical simulation of the load-

bearing and deformation behaviour of any structural components or global structures exposed 

to fire.  
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The tabular method known from DIN 4102-4 is suitable for rapid verification of a wide range of 

reinforced concrete structural components and composite structural components with low 

workload. If the application preconditions of the tables are not met, or if the minimum 

dimensions for the required fire resistance class are not observed, the simplified calculation 

methods offer an alternative with only a slightly increased calculation workload. The results for 

the same structural components are generally slightly more favourable than with tabular 

verification. If the design goal is still not achieved, the advanced design method for the 

complete numerical simulation of the load-bearing behaviour remains the last alternative, 

which, however, requires a higher calculation effort. This requires suitable software which is 

validated for the application in question as well as in-depth knowledge and experience on the 

part of the user. The results of the advanced calculation method are in turn more favourable 

for identical structural components than those provided by the simplified calculation method. 

In addition to the structural fire safety design based on standard temperature-time curve, 

performance-based design based on a natural fire can also be performed in line with the 

Eurocodes. Fire safety verifications based on natural fire models represent a deviation from 

the requirements formulated by the building authorities on the basis of the standard 

temperature-time curve, which require approval by the building authorities. For this reason, it 

has to be agreed by the approving authorities. With one exception of the simplified calculation 

method for steel structures, where only the advanced calculation method on Level 3 may be 

used for the thermal and mechanical analysis of the structural component or structure. The 

component should withstand the entire duration of the fire. As it is not possible to clearly predict 

which point in time is the critical one, the entire fire course should be calculated.  

If the advanced calculation methods are used, it should be taken into consideration that the 

numerical modelling of the spalling behaviour of concrete and masonry structures remains 

unsolved, and that the behaviour of structural components and structures in terms of shear 

load-bearing capacity, avoidance of local buckling in the case of steel structures, composite 

characteristics and sufficient rotation capability in continuous systems should be ensured by 

constructional design measures, suitable dimensioning and cross-sectional design as well as 

meaningful reinforcing in the case of reinforced concrete structural components. The thermal 

material properties and temperature-dependent mechanical properties specified in the 

Eurocodes are only validated for rising temperatures in the components. Adequate knowledge 

is not yet available for the cooling phase of a fire in order to verify the existing material models. 

The consistency of deformation and load-bearing behaviour must always be assured. In 

practical application, a structure that does not fail based on calculations but whose 

deformations increase excessively due to the thermal action cannot be classified as 

adequately dimensioned in terms of fire safety design. This chapter provides information on 

the assessment of admissible deformation. 
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ANNEX TO CHAPTER 6 

A6.1 Ring calculation 

A6.1.1 Steel column 

Boundary conditions: 

 fire load: standard fire (all sides) 

 load:  1530 kN 

 eccentricity: 3 cm 

 welded on steel plate at the on both sides of the column 

 length of the column: 3.64 m 

 flamed length of the column: 3.24 m 

 static system (in test furnace): double-sided hinged supported 

 

Figure 6.28 Installed column in the test furnace (left) and static system (right) 

Evaluation of 5 simulations with different softwares (A-E):  

1. Temperature-time curves (°C / min) at a height of 1.60 m measured from the base of 

the column 

a. Surface temperature centre of web 

b. Surface temperature lower edge of flange ¼ point 

c. Surface temperature Upper edge of flange centre 
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2. Horizontal deformation (in mm) at 1.60 m measured from the base of the column 

 

Figure 6.29 Temperature-time curve at the measure point a (web center) 

  

Figure 6.30 Temperature-time curve at the measure point b (lower edge of flange ¼ point) 
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Figure 6.31: Temperature-time curve of the measure point c (upper edge of flange center) 

 

 

Figure 6.32 Deformation-time behaviour at a height of 1.60 m measured from the base of the 

column 

A failure of the steel column occurred in the test in minute 18 (see Figure 6.32). With regard to 

the thermal analyses, in 4 of 5 simulations the calculated temperatures agree very well with 

the test results (see Figure 6.29 and 6.31). In all simulations, the calculated time of failure 

occurs before the actual failure time in the test. 
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A6.1.2  Reinforced concrete column 

Static system (in the test furnace): 

 

 

 

 

 

 

 

 

 

Actions:  

 Applied load in test: 

  

P= 340 KN with e0=0 mm 

 Temperature:  standard fire 

 Flamed area:   standard fire on all sides in over the 

clear height in the    furnace 

 Pre-deformation: Varying parameter (L/1000, L/1500 

and L/2000) 

Measured pre-deformation: deflection after load v0= 0.4 mm (t=0) 
at a height of 2.05 m with a column 
length of 4.80 m 

Column length:  

 Column length: 4.80 m 

 Clear height in the 
fire room: 

4.60 m (from upper edge of floor to 
lower edge of ceiling; flamed length 
of the column)  

Column cross-section:  

 Column dimensions: w/h= 200 / 200 mm 

 Axis distance: 40 mm 
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 Stirrup 
reinforcement: 

∅ Stirrup = 8 mm 

 Stirrup spacing: a = 20 cm 

Building materials:  

 Concrete: C 20/25, the measured concrete strength is 
22.3 N/mm², the moisture content of the 
concrete is 3 %. 

 Reinforcement: BSt 420/500 

The pre-deformation is to be applied parabolic. 

Evaluation of 5 simulations with different softwares (A-B, D-E): 

1. Temperature-time curves (°C / min) 

a. Cross section centre 

b. Temperature in the bar axis of the longitudinal reinforcement 

  

2. Horizontal deformation (mm) at 2.05 m measured from the base of the column 

Evaluation: 

  

Figure 6.33 Temperature-time curve at the measure point a (centre of cross-section) 
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Figure 6.34 Temperature-time curve at the measure point b (axis of the longitudinal 

reinforcement) 

  

 

Figure 6.35 Deformation-time curves at a height of 2.05 m measured from the base of the 

column 

A failure of the reinforced concrete column in the test occurred in minute 48 (see Figure 6.35). 

With regard to the thermal analyses, the calculated temperatures in the centre of the cross-

section and in the axis of the longitudinal reinforcement correspond well with the test results 

(see Figure 6.33 and 6.34). In two cases the calculated failure time is before the actual failure 

time, in the other two cases it is above it. These differences can be explained, among other 

things, by the support conditions selected in the course of modelling. While in the cases of the 

shorter fire resistance durations, a double-sided hinged support was used as a basis for the 

calculation, for the other cases, a support with rotation restriction on both sides was assumed. 

Due to the experimental design of the support, the actual support condition to be assumed is 
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between an ideally hinged and a rotationally restrained support. The numerical investigations 

have shown that the influence of the varying parameter pre-deformation is low.
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7  PLANT ENGINEERING AND AVERTING FIRE PROTECTION 

7.1 General 

Plant engineering and averting fire protection measures can significantly influence the duration 

of fire development and the associated direct and indirect fire consequences and thus 

effectively contribute to risk limitation. The following should be considered under this aspect: 

 Fire alarm systems, 

 Fire extinguishing systems, 

 Smoke and heat extraction systems, and 

 the fire brigade's firefighting operation. 

The effect of these fire protection measures on the fire scenario is not directly (quantitatively) 

taken into account in the typical (prescriptive) fire protection design (see Figure 1.1. in Chapter 

1), but indirectly (qualitatively) used to compensate for deviations from the usual building code 

requirements for structural fire protection or for increased fire risks (type of building and its 

use). Only in industrial construction is the compensation of structural fire protection measures 

by technical and defensive measures also quantitatively visible, in that the fire protection 

infrastructure is included in the requirements with regard to the fire resistance duration of the 

building components either in a simplified way by means of the classification into safety 

categories [7.1] or by means of an evaluation factor L [7.1] derived from probability 

considerations.  

Within the framework of engineering methods of fire protection, the favourable effect of plant-

engineering measures on the fire scenario can be quantitatively recorded on the one hand via 

the time course of the heat release rate. On the other hand, the influence on the reliability of 

the entire fire protection measures must also be taken into account, because the fire protection 

infrastructure can fail with a certain probability in the event of a requirement. Therefore, 

different fire scenarios - with the design effect of the technical and/or fire protection measures 

have to be considered.  

The effectiveness W (also effectiveness) of protective measures is determined from the 

relationship between the actually achieved protection goal and the specified protection goal 

(design criterion) in the case of a requirement, i.e. in a real fire [7.61]. 

WEffectiveness = protection goals (achieved)/protection goals (specified) (7.1) 

Effectiveness is understood to mean the effectiveness of a system in the event of a fire. In 

order to develop their effect on the course of the fire and to achieve the highest possible 

effectiveness, it is necessary that the systems/measures function reliably. Reliability is 

understood as the property of a fire protection system to perform the functions defined in the 

specification without failure under the design conditions during a certain time interval. It is given 

as the probability that the function will not fail within the time interval [7.30]. 

It should be noted at this point that the smouldering fire phase is not normally taken into 

account when applying engineering methods, but a fire with the appearance of flames is 
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assumed. Especially the smouldering and smouldering fire phase (as a special form of glowing 

fire) can be reliably detected by the available fire alarm sensor technology.  

A more detailed analysis of the overall system of fire protection measures is possible with the 

methods in Chapter 10 of this guideline based on the work in [7.2], [7.3], [7.4] but is generally 

too costly for practice. Simplified, the more critical authoritative fire scenario can be determined 

on the basis of risk considerations - taking into account the probability of failure of the 

infrastructure or extinguishing measures of the fire brigade on the one hand and the associated 

stronger fire development and higher fire damages on the other hand - and only this scenario 

can be examined more closely. This procedure was chosen in [7.1], [7.1] that the fire protection 

design is based on the scenario of a fully developed fire that occurs with the failure probability 

of the infrastructure measures. 

Of decisive importance here is the question at which point in time from the start of the fire an 

influence on the course of the fire can be assumed, because the maximum heat release rate 

and other related fire consequences depend on this (see Figure 7.1). 

The development of fires in buildings depends on many factors. In addition to the building 

fabric, which can be relatively easily assessed at the start of construction, the constantly 

changing fire load of the technical and use-dependent facilities and the effects of the building's 

daily use should be taken into account. These are difficult to grasp. Experience shows that fire 

events of solid combustible materials often start as smouldering fires, i.e. low-energy oxidation 

processes with very low heat and usually very intensive fire gas and smoke development. The 

intervals between the beginning of a smouldering fire and the development of an open fire vary 

greatly and can last from minutes to several hours. Due to the strong development of fire gas 

and smoke during the smouldering fire phase, the use of fire alarm systems with automatic 

smoke detectors can have a particularly favorable effect on the duration of fire detection 

(detection time) [7.23]. 

 

Figure 7.1 Diagramm for firefighting by extinguishing systems 

Automatic fire detection systems shorten in particular the detection time and the reporting time 

[7.23], so that the firefighting of the fire brigade can start at an earlier time. They thus primarily 
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influence the total energy content of the heat release rate curve of the fire scenario to be 

considered for the design. 

In order to ensure that the release of heat not only affects the temperature development but 

also the development of fire gas and smoke, automatic fire alarm systems in conjunction with 

the early initiation of effective firefighting can also contribute to the reduction of the total amount 

of fire gas and smoke released. 

Effective and reliable extinguishing and firefighting systems reduce the maximum heat release 

rate and limit the extent of a fire, so that the fire brigade is supported by effective extinguishing 

measures.  

Smoke and heat exhaust ventilation systems can reduce the thermal load on the supporting 

structure, but in conjunction with the existing supply air downstream openings they can also 

increase the supply of atmospheric oxygen and thus the maximum heat release rate of a 

ventilation-controlled fire. Smoke ventilation systems can reduce the thickness of a hot gas 

layer and thus reduce the negative effects of visibility, temperature and toxic gas 

concentrations on people. 

7.2 Fire alarm systems 

 General information 

The task of an automatic fire alarm system (BMA) with a connected acoustic alarm system is 

to detect a fire in the initial fire phase, to alert people in the building, to automatically control 

fire protection and operating equipment, to alert the fire brigade or other emergency services 

and to locate the danger zone (according to DIN 14675 [7.47]). 

The planning and project planning of fire alarm systems should be carried out in accordance 

with the recognised rules of technology, in particular DIN VDE 0833 [7.48] Hazard Alarm 

Systems for Fire, Burglary and Robbery Part 1 and 2 and DIN 14675 [7.47] observed. The 

BMA is usually part of the fire protection concept, so that its mode of operation is also based 

on the parameters described therein.  

 Types of automatic fire alarm systems 

Fire alarm systems are differentiated with regard to their scope of protection (categories) into 

full protection, partial protection, protection of escape routes and object protection. Fire alarm 

systems can also be used to control fire protection systems (e.g. extinguishing systems, smoke 

and heat extraction systems). A BMA usually consists of a fire detection system, automatic fire 

detectors, manual call points (non-automatic detectors, e.g. push-button detectors), 

transmission devices, alarm devices, fire control systems, etc. 

The alarm forwarding of an extinguishing system alarm (usually thermal triggering) to the 

responsible fire brigade is also carried out via a fire alarm system. Here, the fire detection 

system performs the function of alarm forwarding, not the function of fire detection. 

In order to be able to detect fires in their early stages, the selection of suitable point-type, linear 

and linear fire detectors is essential. Fire characteristics for different types of fire detectors are 

smoke, heat, flames, etc.  
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The following types are used: 

 Heat detector (differential, maximum/limit) 

 smoke detector (transmitted light, scattered light) 

Smoke detectors are divided into ionisation smoke detectors, optical smoke 

detectors, linear smoke detectors and air sample smoke detection systems 

(aspirating smoke detection systems - RAS) 

 Flame detector (infrared, ultraviolet) 

 Multi-sensor/multi-criteria detector 

In practice, multi-sensor and/or multi-criteria detectors are increasingly used. They 

detect different fire phenomena, evaluate different criteria and are therefore much 

more robust with regard to deception variables. Optical smoke detectors can be 

influenced by particles in the air such as dust or exhaust gases. By evaluating the 

temporal course of the sensor signals and including various fire parameters (e.g. 

smoke and temperature) in the evaluation, multi-sensor/multi-criteria detectors are 

able to distinguish such deception variables from real fires 

 Manual call point 

The manual call points (push-button detectors or spring button detectors) are non-

automatic fire detectors. They are used for manual alarming in the event of fire 

The fire alarm control panel is used to display, operate, monitor and process the signals of the 

connected devices. It compares them with the stored values and activates the corresponding 

signaling devices and fire control systems. Optical and acoustic alarm devices alert and 

orientate the persons in the building as well as the internal and external intervention and/or 

danger prevention forces.  

 Effect of fire alarm systems on the fire scenario 

Fire alarm systems with connected acoustic alarm devices or voice alarm systems (in 

accordance with DIN VDE 0833-4 [7.48]) have a dual effect when assessing the effects of fire 

scenarios: 

 By means of technical fire detection via a BMA and activation of the optical and/or 

acoustic alarm system, the persons present in the building are alerted. This means 

that the deployment of the works or public fire brigade can be limited to the rescue 

of persons who are unable to rescue themselves if the operational fire protection 

system is working.  

 The fire development time, i.e. the time until firefighting is started, is shortened, 

which has the consequence that the stability of buildings in case of fire can be 

positively influenced.  

The fire development period begins with the outbreak of a fire and ends when the firefighting 

measures take effect. For effectiveness and efficiency considerations, the time periods to be 

taken into account are composed of up to 10 different time periods (see also DIN 14011 [7.23]). 

These time periods can be influenced by different measures. The time period with the time 



7  Technical fire protection and firefighting 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 249 / 464 

intervals from the detection of a fire to the alerting of the emergency response forces (reporting 

time, dispatching time and alerting time [7.23]) is influenced by the following parameters, 

among others: 

 Fire development: Depending on the type and progress of the fire, different 

quantities or intensities of the various fire characteristics are produced.  

 Building geometry: In high and large rooms the time until detection can be longer 

than in small rooms with lower ceilings. 

 Type of fire load: With smoke detector monitoring and fire loads that burn  with 

heavy smoke development, faster detection can be expected.  

 Scope of monitoring according to DIN 14675 [7.47]: If smoke detectors are only 

installed under the roof in a three-storey shopping mall, the time until detection is 

much longer than with full protection according to DIN 14675 [7.47].  

 Characteristic value of the detectors: In many fire scenarios/fire loads smoke 

detectors trigger more quickly than e.g. heat detectors.  

 Type of measure against false alarms according to DIN VDE 0833 [7.48]: 

Personnel measures against false alarms can lead to a longer time delay until the 

transmission device is activated than technical measures such as e.g. the 2-

message dependency [7.26], [7.28]. 

In individual cases, the time until detection can be conservatively estimated as a function of 

the above parameters. The application of suitable fire protection engineering methods, such 

as the use of time-dependent, general natural fire models, such as CFD models, can be helpful 

in determining the release time. 

Fire alarm systems with automatic detectors, in conjunction with the provision of a company 

fire brigade (plant fire brigade), have an influence on the fire scenario assumed in the 

engineering proofs, in that the total energy content of the heat release curve is reduced from 

the time of firefighting phase (Figure 7.2).  
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tFW1Period of time  until the first firefighters attack the fire with automatic detectors 
tFW2Period of time  until the first firefighters attack the fire without automatic detectors 

Figure 7.2  of automatic fire alarm systems on the time course of the heat release rate 

(intervention time according to DIN 14011 [7.23]) 

If automatic detectors are available, fire detection can usually be assumed in the fire 

development phase. The time span from the time of fire detection to the time of fire 

extinguishing (intervention time [7.23]) and thus to the beginning of extinguishing measures is 

shortened, so that the decay phase starts earlier. A quantification of the effect of automatic 

detectors can currently be carried out well in connection with plant fire brigades, because the 

period of assistance of public fire brigades is associated with greater uncertainties and can 

only be estimated with difficulty despite country-specific specifications or local fire protection 

requirement plans. 

In the context of evacuation verifications with personnel flow simulation models according to 

Chapter 9 fire detection systems with automatic detectors in connection with alarm systems 

have the effect of shortening the alarm and reaction time and thus reducing the required 

evacuation time (see Chapter 9.3). 

 Reliability of fire alarm systems 

The operational safety of fire alarm systems (BMA) is very high due to product standardization. 

The components of BMA comply with the standards aiming at reliability: DIN EN 54 Parts 1 to 

32 [7.49]; DIN VDE 0833 Parts 1, 2, and 4 [7.48] and DIN 14675 [7.47] for the construction 

and operation of BMA. It can be further increased by certain measures: 
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 Certified service measures for planning, design, erection and commissioning of 

BMA (according to DIN 14675[7.47]), 

 Fail-safe, bidirectional networking of the peripheral elements, 

 Fail-safe, bidirectional networking of the fire alarm control panels and the remote 

operating units, 

 Automatic self-monitoring of all system components once per second, 

 Emergency redundancy independent of the basic computer and software units, 

 Redundant construction through double computers in the various modules, 

 Regular professional maintenance measures, and 

 Timely modernisation. 

Plants that meet these requirements and are competently planned and maintained achieve a 

reliability (availability) of 99.91% [7.29], [7.29]. The failure duration rate is 8.07 h/a, the 

probability of failure is  

pf,BMA = 0.00092. 

Possible causes that can lead to the failure of an automatic fire alarm system in case of fire 

are primarily  

 Insufficient maintenance Human Error,  

 Incorrect selection of the sensor system due to planning errors or changes in use 

not observed  Human Error,  

 Failure of the networking (e.g. damage to the lines),  

 Change in hardware behaviour due to long-term negative environmental 

influences (recognising and remedying this is part of maintenance), or 

 Unauthorized operation of the system (e.g. alarm accumulation to an unoccupied 

location) Human Error.  
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Figure 7.3 On the availability of BMA [7.10], [7.18] 

This list makes it clear that a large part of the causes are based on human error. The recurring 

testing of fire alarm systems is therefore very important. The probability of the proportion of 

personnel actions (human error) caused by production, planning and installation of such 

systems can be determined by extensive evaluations for fire detection, fire extinguishing and 

firefighting systems, depending on the type of action and the source of error with an error rate 

of 0.02 (2%) to 0.03 (3%) [7.31], [7.33], [7.33]. Conservatively, therefore, a probability of failure 

of 2 to 3% can be assumed in practice (see also 7.3.4 Reliability of extinguishing systems). 
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Figure 7.4  Maintenance and modernization are essentially responsible for the 

availability of a fire detection system [7.10], [7.18] 
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 Effectiveness of fire alarm systems 

The effectiveness of automatic fire alarm systems (BMA) can be assessed on the basis of 

various damage criteria in accordance with the objectives and desired effect on the fire 

scenario. On the basis of the vfdb fire damage statistics (Phase I and II with 5,016 mission 

reports from 28 fire brigades and a total of 1,216 real fire events [7.61]), information on real 

building fires was collected, from the origin and spread of the fire, alerting of the fire brigade 

and the fire protection measures initiated (in terms of plant engineering) up to the damage (cf. 

e.g. [7.37], [7.38], [7.39], [7.40], [7.41]). Thus, quantitative risk analyses can be performed 

within the framework of a site-specific safety concept. Typical fire events and damage patterns 

can be evaluated with regard to the necessary use of plant engineering and the influence of 

the plant engineering on the fire course. 

However, the user should check in each individual case whether the data are plausible and 

whether it is reasonable to use them.  
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Table 7.1 shows the determined statistical effects on the fire damage criteria depending on the 

alarm path [7.39], [7.61]. Listed is the alarming via telephone (fixed network and mobile phone 

together) compared to the BMA. It becomes clear that when alarming via fire alarm systems, 

a fire results in significantly lower estimated property damage (in 84% of the cases the 

estimated property damage is less than 1,000 EUR) than with manual alarming with 68%. This 

is despite the fact that buildings equipped with a BMA are usually more complex and thus have 

a higher damage potential. With automatic alarming, the fire was limited to one object or device 

in 86 % of cases when the fire brigade arrived. This was only true in 71 % of cases where the 

alarm was raised by telephone [7.40]. In addition, the recorded fires show that the smoke had 

spread relatively further (into the apartment, staircase, corridor or over several floors) at the 

time the fire brigade arrived when the alarm was triggered via telephone than when the alarm 

was triggered by BMA [7.40]. In particular, the escape and rescue routes were then more often 

still usable at the time of arrival of the fire brigade (with BMA in 80 % with 160 of 202 cases) 

than if they had been alerted by telephone (59 %). The type of alarm also affects the use of 

firefighting water: For example, in 19 % of the cases, more than 500 litres of extinguishing 

water were used by the emergency services in the case of manual alarms, whereas this was 

only necessary in 4 % of the cases when alarms were issued via fire alarm systems. This 

shows that fire alarm systems have a positive effect on the quantity of extinguishing water and 

thus also on the duration of the fire brigade's deployment and thus support extinguishing work 

more effectively. 

The effectiveness of the use of automatic fire alarm systems can therefore be statistically 

proven using various damage criteria. A positive influence on the course of fire can be qualified 

and quantified. 
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Table 7.1 Evaluation of fire damage criteria for alerting the fire brigade via automatic fire 

alarm systems (BMA) in the event of a fire in comparison with manual telephone calls (landline 

and mobile telephones) (source: vfdb fire damage statistics [7.61]; Phase I and II with 5,016 

building fire operations by 28 fire brigades, including 1,216 actual fires; see [7.37], [7.38] and 

[7.40]) 

Acquisition criterion 

Alerting  Share 

BMA 

 [number] 

Telephone 

 [number] 

BMA 

 [%] 

Phone  

[%] 

P
ro

p
e
rt

y
 d

a
m

a
g

e
 < EUR 1,000 134 544 84 68 

< EUR 10,000 21 158 13 20 

< EUR 100,000 5 83 3 10 

< EUR 500,000 0 10 0 1 

< 1.000.000 EUR 0 2 0 0 

> 1.000.000 EUR 0 3 0 0 

No specification possible 23 85 --- --- 

Total 183 885 100 100 

E
x

te
n

t 
o

f 
fi

re
 

Subject 171 655 86 71 

Room 19 166 10 18 

Several rooms 4 31 2 3 

Apartment 0 13 0 1 

Floor 2 16 1 2 

Several floors 0 10 0 1 

Fire compartment 0 9 0 1 

Several fire compartments 0 4 0 0 

Stairwell 2 4 1 0 

Overall building 0 15 0 2 

Further buildings 0 2 0 0 

Total 198 925 100 100 

S
m

o
k

e
 S

p
re

a
d

in
g

 

Not significant 95 410 47 42 

Room, Shaft 60 158 30 16 

Apartment 21 186 10 19 

Floor 8 61 4 6 

Stairwell 6 80 3 8 

Corridor 9 37 4 4 

Several floors 3 53 1 5 

Total 202 985 100 100 

Smoke stratification visible 25 172 --- --- 

Escape route usable 160 585 --- --- 

L
W

 i
n

s
e

rt
 No fire water  133 312 71 34 

< 500 L 48 425 26 47 

< 2500 L 5 117 3 13 

> 2500 L  2 53 1 6 

Total 188 907 100 100 

If the determined statistical effects and the fire damage criteria are compared depending on 

the triggered plant technology, the result is Table 7.2. Here, fire cases in which automatic fire 

alarm systems were triggered are compared with fires in which no system technology was 
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present in the building. Table 7.2 shows a comparable picture to the result with regard to the 

type of alarm.  

Table 7.2 Evaluation of fire damage criteria for the triggering of automatic fire alarm systems 
(BMA) in the event of fire in comparison to operations where no system technology 
was available (source: vfdb fire damage statistics [7.61]; Phase I and II with 5,016 
building fire operations by 28 fire brigades, including 1,216 actual fires; see [7.37], 
[7.38] and [7.40]) 

Acquisition criterion 

Triggered Share 

BMA  

[number] 

"no plant 

technology" 

 [number] 

BMA  

[%] 

"no plant 

engineering" 

 [%] 

P
ro

p
e

rt
y
 d

a
m

a
g
e
 

< EUR 1,000 128 452 83 69 

< EUR 10,000 22 132 14 20 

< EUR 100,000 5 59 3 9 

< EUR 500,000 0 10 0 2 

< 1.000.000 EUR 0 1 0 0 

> 1.000.000 EUR 0 1 0 0 

No specification possible 23 76 --- --- 

Total 178 731 100 100 

E
x
te

n
t 
o

f 
fi
re

 

Subject 166 534 85 71 

Room 20 133 10 18 

Several rooms 5 22 3 3 

Apartment 0 9 0 1 

Floor 2 14 1 2 

Several floors 0 7 0 1 

Fire compartment 0 8 0 1 

Several fire compartments 0 2 0 0 

Stairwell 2 3 1 0 

Overall building 0 13 0 2 

Further buildings 0 2 0 0 

Total 195 747 100 100 

S
m

o
k
e
 S

p
re

a
d

in
g

 

Not significant 92 374 46 48 

Room, Shaft 56 117 28 15 

Apartment 23 119 12 15 

Floor 8 54 4 7 

Stairwell 7 48 4 6 

Corridor 7 25 4 3 

Several floors 5 37 3 5 

Total 198 774 100 100 

Smoke stratification visible 20 158 --- --- 

Escape route visible 156 446 --- --- 

L
W

 i
n

s
e
rt

 

No fire water  127 216 69 29 

< 500 L 45 375 25 51 

< 2500 L 7 105 4 14 

> 2500 L  4 45 2 6 

Total 183 741 100 100 



7  Technical fire protection and firefighting 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 257 / 464 

 Compensation of structural fire protection measures through fire alarm systems 

As indicated in Section 7.1, the compensation of building authority requirements by fire alarm 

systems can be examined more closely with a time-dependent system reliability calculation 

[7.4] (see Chapter 10).  

In the following, regulations anchored in the building supervisory ordinances and guidelines 

with the status of 2020 are listed in which compensation of structural fire protection measures 

by fire alarm systems is possible. It should be remembered that in many cases the 

compensation of a structural fire protection measure is only possible with a package of several 

system components. Accommodation facilities with more than 60 beds, for example, are not 

permitted simply because of the presence of a BMA, but two structural escape routes must be 

available. The situation is similar with other special buildings where an extension of the area 

of use requires additional measures as a package. When compensating structural fire 

protection measures by a BMA, it should be taken into account that the escape routes are also 

attack routes for the fire brigade. 

As an example, the compensation of structural fire protection measures by BMA will be 

illustrated using the model industrial building code. According to this, the permissible escape 

route length may be increased in the presence of a BMA with an additional alarm device 

depending on the clear room height: 

 from 35 m to a maximum of 50 m or 

 from 50 m to a maximum of 70 m with a room height of at least 5 m. 

7.3 Fire extinguishing systems 

 General information 

The task of extinguishing and firefighting systems is, on the one hand, to effectively limit the 

extent of a fire until the fire brigade arrives, thus enabling intrinsically safe firefighting in the 

event of increased fire risks, and, on the other hand, to ensure firefighting in cases where 

timely intervention by the fire brigade is not to be expected due to rapid fire spread, a long 

journey or difficult access to the fire site.  

Oxygen reduction systems are not extinguishing or firefighting systems, their task is to prevent 

the formation or spread of flames in the protected area by adding nitrogen to the room 

atmosphere. Oxygen reduction systems are used for preventive fire protection, they avoid fires. 

 Types of extinguishing systems 

 General information 

The following stationary and semi-stationary extinguishing and firefighting systems are used 

in practice, in industry and commerce and in other special buildings: 

 Water extinguishing systems 

 Sprinkler systems 

 Water spray extinguishing system 
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 Water mist extinguishing systems (single and dual substance technology) 

 Foam extinguishing systems 

 Gas extinguishing systems 

 CO2 extinguishing systems 

 Inertgas/Inert gas mixture extinguishing systems 

 Extinguishing systems with halogenated hydrocarbons (Note: Designed as 

a gas extinguishing system, but extinguishing effect is primarily the 

inhibition effect)  

 Powder extinguishing systems 

If one differentiates between extinguishing systems according to the extinguishing agent used, 

water extinguishing systems are mainly used, and here water mist extinguishing systems and 

sprinkler systems. 

 Water mist extinguishing systems (single-material technology) 

There are different water mist extinguishing systems with different water mist technologies. 

Experience from fire tests is not yet very extensive, as is the case with classic sprinkler 

systems, so that deviations from the planning basis are more difficult to assess. At the same 

time, this means that even more careful planning is required than for traditional sprinkler 

systems. The following technical regulations are available:  

 VdS 3188 - Water mist sprinkler systems and water mist extinguishing systems 

(high pressure systems), planning and installation, 

 VdS 2562 - Procedure for the recognition of new extinguishing technologies, 

 VdS 3115 - Procedure for the recognition of new protection concepts, 

 bvfa leaflet on water mist extinguishing systems, and 

 NFPA 750 - Standard on Water Mist Fire Protection Systems. 

In contrast to other extinguishing systems (e.g. sprinkler systems), there are no generally valid 

design criteria for water mist extinguishing systems. For this reason, these systems are 

developed manufacturer-specifically and designed to suit the respective object to be protected. 

The components used are not interchangeable. The design parameters of a system cannot be 

transferred to systems of other manufacturers. Independently confirmed proof of effectiveness 

must be available for the respective area of application (e.g. VdS Schadenverhütung or FM-

Global). 

Because of the small drops, water mist is much more susceptible to thermals and air currents. 

Where a sprinkler droplet falls down through the thermal lift of a fire, water mist can be 

deflected in such a way that no effective firefighting is possible at the source of the fire. 

In international usage, "water mist" is referred to as "water mist" and in Germany also as fine 

spray technology. Water mist refers to extinguishing water which is sprayed in droplet 

diameters of less than 1 mm. "HDWN" is commonly used as an abbreviation for "high pressure 
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water mist". The extinguishing systems are classified as follows based on the system operating 

pressure: 

 CEN/TS 14972:2008 

 Low pressure < 12.5 bar (low pressure) 

 Medium pressure > 12.5 and < 35 bar (medium pressure) 

 High pressure > 35 bar (high pressure) 

 according to VdS 3188 

 Low pressure up to 16 bar (fine spray) 

 High pressure over 16 bar (water mist) 

As with spray water extinguishing and sprinkler systems, a distinction is made in system design 

between open (water mist extinguishing systems) and closed (water mist sprinkler systems) 

pipe systems. 

There are different technical possibilities to generate the necessary pressure for the water 

mist: 

 Cylinder systems: 

Pressure vessels with limited water quantity, where the extinguishing water is 

discharged by a propellant gas under pressure. 

 Pump systems: 

The pressure is generated by pump(s). The pumps are driven e.g. by electric or 

diesel engines. 

 Compressed air pumps: 

In this special form of pump system, the high-pressure pump is driven by 

compressed air stored in cylinders. The compressed air must be dimensioned so 

that the pump(s) have at least twice the operating time from the extinguishing 

time determined in the fire tests. 

A water mist system does not exist if the main extinguishing effect is caused by extinguishing 

gases and the water is only added for cooling purposes (two-substance systems as gas-water 

extinguishing systems). 

As with traditional sprinkler and water spray extinguishing systems, a distinction is made 

between 

 Water mist sprinkler with thermal release element (glass ampoule or fusible 

solder element) and 

 open water mist nozzles. 

Furthermore, the following trigger mechanisms are distinguished in open systems: 

 Electronic release: 

 Automatically by detection elements via fire alarm system/extinguishing 

control panel or 
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 by hand switch via fire alarm system/extinguishing control panel. 

 Pneumatic/hydraulic release: 

o Automatically by excitation systems with thermal detection elements. 

 Sprinkler systems 

Sprinkler systems are most frequently found in practice, which can be explained on the one 

hand by their efficiency and on the other by their proven reliability. A distinction is made 

between the following types of sprinkler systems: 

 Wet system, 

 Drying plant, 

 Wet-drying plant, 

 Pilot operated system, or 

 Tandem system. 

Table 7.3 shows the sprinkler types, their water distribution, the scope of protection and 

suitability. 

Table 7.3 Sprinkler types (Note: LH = light hazard, (uses with low fire risk); OH1 = 

ordinary hazard, group 1, (uses with medium fire risk group 1 according to VdS CEA 

4001[7.11]) 

Sprinkler type 
Type of 

installation 
Water distribution 

nominal 

protection 

area 

particularly 

suitable for 

Standard sprinkler 
hanging and 

standing 
spherical 9 - 21 m2 

flammable 

ceilings 

Umbrella sprinkler 
hanging and 

standing 
paraboloidal 9 - 21 m2 - 

Flat screen sprinkler 
hanging and 

standing 

flat paraboloidal 

shaped 

does not 

apply to shelf 

protection 

Cavity protection 

grid ceilings 

Side wall sprinklers standing 
unilaterally 

paraboloidal 
12 - 21 m2 

Low room height 

LH / OH 1 

Horizontal side wall 

sprinklers 
horizontal 

increased litter 

range 
12 - 21 m2 LH / OH 1 

ESFR sprinklers 
hanging and 

standing 

Paraboloidally 

directed towards the 

ground 

max. 9 m2 high spaces 

The design of a sprinkler system is carried out according to VdS CEA 4001 [7.11] and includes 

six steps: 

1. Determination of the fire hazard class, 

2. Determination of the type of plant, 
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3. Determination of effective area, water exposure, minimum operating time and 

protective surface (characteristic values for planning and installation), 

4. Selection of suitable sprinkler nozzles (Table 7.3 shows the sprinkler types, their 

water distribution, the scope of protection and suitability), 

5. Dimensioning of the water supply (hydraulic calculation), and 

6. Dimensioning of the energy supply. 

 Effect of extinguishing systems on the fire scenario 

Since reliable statistical data on the effectiveness and reliability of manually triggered (semi-

automatic) fire extinguishing systems are not currently available, the following explanations 

concentrate on automatic as well as stationary or automatic fire extinguishing systems and 

especially on sprinkler systems, for which the most extensive empirical values are available. 

The time course of the heat release rate in case of fires, which is influenced by the effect of an 

appropriately dimensioned automatic or self-acting extinguishing and firefighting system 

according to the selected protection objective and scope of protection, depends primarily on 

the following parameters: 

 Fire development in the initial fire phase (type, arrangement, fire development 

time t), 

 Response sensitivity (distance) of the closure elements sprinkler nozzle or 

triggering elements (Response-Time-Index RTI) or the fire detectors for triggering 

the extinguishing system and thus triggering the system, 

 Special structural and technological features (room height, room tightness or 

enclosure for gas extinguishing systems), 

 Ventilation conditions, 

 Chemical and physical properties of the fuels, 

 Nozzle arrangement and classification in the extinguishing area (application and 

performance characteristics), 

 Effectiveness of the extinguishing agent application (surface of the fire material, 

reaction zone of the flame). 

It is generally assumed that the systems - provided they are designed, installed and operated 

in accordance with the recognized rules of technology - start in the initial fire phase, here 

especially in the phases of "independent burning", "strong burning" and "spreading fire", before 

the flashover phase has been reached and the fire is controlled by ventilation or fire load 

(Figure 7.5). 

One measure of the response sensitivity of sprinklers is the Response Time Index (RTI value). 

The lower the RTI value, the faster the sprinkler closure (glass barrel or fusible link) is triggered 

under comparable heat exposure (  
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Table 7.4). 
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Table 7.4 Response sensitivity of sprinklers 

Response sensitivity class Response Time Index [(ms)0.5] 

standard  80  200 

special 50 to 80 

quickly  50 

 

 

Figure 7.5 Course of the heat release rate when limited by fire load, ventilation or 

extinguishing systems. At time t2, 70 % of the fire loads are consumed and the 

decay phase begins 

Furthermore, the triggering time is influenced by the radial distance of the sprinkler axis from 

the plume axis. In order to quantify the effect of the sprinklers on the course of the fire, their 

triggering times should be determined as a function of the spread of the fire, the height of the 

building, the sensitivity of the triggering element and the distance from the plume axis. It should 

be considered that a fire centrally under a sprinkler is to be classified as a less favourable 

variant in terms of extinguishing success than the extinguishing success of the same fire 

between two sprinklers if both sprinklers are triggered. 

For example, for sprinkler nozzle arrangement heights of up to 7 m, taking into account the 

influence of natural and mechanical smoke and heat extraction systems, it can be specified 

that the first sprinklers in the immediate vicinity of a heat source will be triggered from heat 

releases of 300 kW. Only above 400 kW / 600 kW are further sprinklers in the immediate 

vicinity and further away from the source of the fire (3.75 m radius, 3 m x 3 m protective surface 

with a diagonal of approx. 2.1 m) opened with triggering times of 2 to 6 min [7.34]. 

According to [7.13] it can be assumed in a simplified way that the heat release rate after 

sprinkler activation (tact) remains constant for 5 minutes (tcon) and then decreases linearly over 

a period of 25 minutes to zero (tsup). The linear decrease of the heat release rate in the decay 
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phase represents a computational simplification. In reality, a concave curve is obtained 

analogous to the fire development phase (see Figure 4.1 in Chapter 4). 

The time until fire control/fire suppression is assumed to be the same LKQ  for each heat release 

rate, on the grounds that a larger fire area will also trigger a larger number of sprinklers. It is 

assumed that the flow pressure does not drop too much even if several sprinklers are used 

(system design). 

The heat release rate is calculated as follows (see [7.3]) 

0 - tact:  


 
  
 

2
t

Q t
t

 [MW] (7.1) 

tact - tcon:   LKQ t Q  [MW] (7.2) 

tcon - tsup:    LK

sup

sup con

Q
Q t t t

t t
  


 [MW] (7.3) 

with 

tact  Sprinkler activation time [s], 

tcon Time of the start of fire control by the fire department [s], 

tsup Time of fire containment [s], 

LKQ  Maximum heat release rate during fire control by the extinguishing 

system [MW]. 

Figure 7.6 shows as an example the fire course determined on this basis with a fire 

development time of 150 s, a room height of 6 m, a radial distance of the sprinklers from the 

plume axis of 2.8 m and an RTI value of 80 (ms)0.5. 

 

Figure 7.6  Course of a fire in the form of the course of the heat release rate when using a 

sprinkler system (all model sizes with their nominal values use) 

Time t [s] 
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An approximate approach for the mathematical description of fire development under the 

influence of sprinkler systems was developed in the USA [7.18], [7.20]. The algorithm 

describes the effect of sprinkler water on the heat release rate of a fire source using equation 

[7.4]: 

   
 act

act 1,85

t t
Q t Q t exp

3.0 w

 
   

 
    in kW/m2 (7.4)  

for actt t  

with 

Q(t)  Heat release rate under sprinkler protection in kW, 

t Time since start of fire in s, 

tact Time from start of fire at which the first sprinkler nozzle opens in s, 

actQ(t )  Heat release rate when opening the first sprinkler nozzle (tact) in kW, 

w specific water admission of the sprinkler system in mm/s.  

             ( 0.07 mm/s ) 

Figure 7.7 shows an example of the decrease in the heat release rate for a heat release rate 

when the first sprinkler nozzle is opened of actQ(t )= 500 kW. 

 

Figure 7.7  The sprinkler effect on the heat release rate as a function of water exposure and 

extinguishing time 

Because of the uncertainty of the limits of use of this algorithm, according to Fleming [7.21] its 

application should be limited to "light risks" [7.22] with slow to medium fire development. This 

approach does not take into account special features resulting from the successive activation 

of several sprinklers. It should be possible to extinguish the fire loads at least as well as 

wooden cribs. 
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Special calculations, e.g. for special room or fire configurations, can be performed with fire 

simulation models. These models allow the approach of several sprinklers and can represent 

the interaction between fire and sprinkler effects. A final validation of these sprinkler models is 

still pending (see Chapter 5.6.6).  

 Reliability of extinguishing systems 

Extensive data on the reliability of automatic extinguishing systems are available from property 

insurers. Because of the great importance of sprinkler systems in practice, the statistical data 

of the VdS [7.13] for sprinkler systems were primarily evaluated and compared with 

international surveys (e.g. Australia). In addition, independently requested expert statements 

were used, e.g. from the German Federal Association of Fire Extinguishers and Systems 

(BVFA). The results of this research are summarised in With regard to the failure of sprinkler 

systems, the statistics record both cases in which the system was not activated due to technical 

failure as well as cases in which the system was activated but the fire exceeded the effective 

area. 

Table 7.5. 

With regard to the failure of sprinkler systems, the statistics record both cases in which the 

system was not activated due to technical failure as well as cases in which the system was 

activated but the fire exceeded the effective area. 

Table 7.5 Probability of failure of sprinkler systems from different sources 

Source 
Failure probability p per 

requirement 

VdS (Schadenverhütung testing institution 

for fire protection ) loss prevention [7.14] 
0.019 

Australia [7.15] 0.041 

Expert statements BVFA 0.020 

The following circumstances lead to the technical failure of the extinguishing effect of a 

sprinkler system due to lack of maintenance, material defects or human error: 

 Pressurised water as exhaustible water supply, 

○ Water filling level insufficient, 

○ No water in the tank, 

○ Tank pressure inadequate, 

○ Fault in the replenishment devices for air and water, 

 Water pipeline as inexhaustible water supply, 

○ Inadequate performance capability, 

○ Shut-off gate closed, 

○ No supply to the intermediate tank due to technical failure of the float valves, 

○ Intermediate tank without extinguishing water, 
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○ Insufficient replenishment of the intermediate tank due to partially closed gates 

or soiling of the stone trap, 

 Pumps as inexhaustible water supply, 

○ Shut-off gate closed, 

○ Failure of automatic pump start-up due to defect in a contact switch, 

○ Failure of pump system due to technical fault in the switch cabinet, 

○ Failure of the automatic starter of the diesel motor, 

 Lack of valve stations, 

○ Shut-off gate closed, 

○ Dry valve pipe networks filled with water, 

○ Quick opener out of order, 

 Other defects, 

○ Alarm shut-off tap closed, 

○ Water supply line to the sprinkler system inadequate for new utilisation, 

○ Blockage of the water supply line to sprinklers, 

○ Unsuitable extinguishing agent. 

Other causes for the failure of the sprinkler component are poor design and sabotage. Within 

the framework of a sprinkler statistics compiled by the VdS on behalf of the European 

Committee of Insurers (CEA), 7,047 cases of fires and leakages from all over Europe were 

evaluated. The period covered by the statistics extends from 1985 to 2002. As a result of these 

statistical evaluations, the causes of the failure were recorded in percentage terms (Figure 

7.8). 
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Figure 7.8  Percentage of causes for sprinkler system failure 

In view of the fact that international standards regarding the installation and maintenance of 

sprinkler systems may be less stringent than the VdS requirements and because the values 

determined on the basis of statistics are rather conservative, the following value is assumed 

for the probability of failure of sprinkler systems in case of demand: 

pf, sprinkler = 0.02. 

 Effectiveness of extinguishing systems 

Comparable to the effectiveness of fire alarm systems (see Chapter 7.2.5), the effectiveness 

of fire extinguishing systems (FLA) can be analysed on the basis of the vfdb fire damage 

statistics [7.61]. As already explained in Chapter 7.2.5 the starting point of the survey is 

currently 5,016 reports on building fires in Germany from 28 fire brigades with a total of 1,216 

real fires (Phases I and II, see e.g. [7.37], [7.38], [7.39], [7.40], [7.41]). The case numbers of 

the vfdb fire damage statistics are low with regard to the fires in buildings with FLAs: Of the 

5,016 building fire deployments recorded, information on FLAs is available in 128 cases, 

whereby more differentiated information on the damage criteria is only available for a maximum 

of 12 real fires - with multiple mention of the extent of the fire. The proof of effectiveness is 

therefore statistically not yet statistically resilient. 

The data collected on the origin and spread of the fires as well as on the damage caused and 

fire protection measures introduced in real fire operations do not yet allow a final assessment 

of the effectiveness of the use of FLA and its effect on the course of the fire. If necessary, this 

information can be used in individual cases for quantitative risk analyses for object-specific 

safety concepts. However, the user must check in each individual case whether the data is 

plausible and whether its use makes sense. In particular, the following aspects, which are not 

collected by the vfdb fire damage statistics, must be taken into account: 

 FLA are generally used in buildings with a higher concentration of values and/or fire 

load. Thus, the damage potential in buildings with FLAs is usually many times higher 

than in single-family homes, for example. 

 The statistics provide no information on design criteria or protection goals of the FLA. 

For example, sprinkler systems are also used to compensate for deviations in structural 

fire protection. The protection goal can be the reinforcement of a fire wall and not 

primarily firefighting within a fire compartment. 

 It is also not known according to which standard/guideline the FLA was designed and 

installed. 
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The result of the evaluation of the fire damage criteria when FLAs are triggered in comparison 

with fires in which no system technology was present in the building is shown in Table 7.6 

(comparable to the evaluation of the fire alarm systems in Table 7.2). Due to the small number 

of cases, the percentage values were not shown for lack of significance. 

It can be seen that in the building fire missions in which plant technology was present, in no 

case was the property damage greater than EUR 100,000. Due to the high concentration of 

values in objects with FLAs, it can be assumed that the prevented property damage in fires 

with FLAs was significantly higher than in objects without FLAs. In no case where FLA was 

present, the fire did spread to the entire fire compartment. On the other hand, in 32 of 747 

cases without FLA, the fire spread to at least the entire fire compartment or several floors. The 

smoke spread shows that in 10 of 12 of the fires with FLA, the fire was limited to one apartment. 

In 16% of the cases where FLA was present, the smoke spread via an apartment to the floor 

and stairwell, whereas in the case of fires without FLA, in a total of 21% of the cases several 

floors (5%), the corridor (3%), stairwell (5%) or one floor (5%) were affected. The escape and 

rescue routes were usable with 58 % (7 of 12 cases with FLA and 446 of 774 cases without 

FLA) of the same dimensions at the time of arrival of the fire department. The reduced use of 

additional extinguishing water (less than 500 l in 9 of 11 cases) together with the reduced fire 

spread shows that FLAs tend to have a positive effect on limiting the spread of fire and 

supporting effective extinguishing operations. 

  



7  Technical fire protection and firefighting  

270 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

Table 7.6 Evaluation of fire damage criteria for the triggering of automatic fire extinguishing 
systems (FLA) in the event of fire in comparison to operations where no FLA was 
available (source: vfdb fire damage statistics[7.61]; Phase I and II with 5,016 
building fire operations by 28 fire brigades, including 1,216 actual fires; cf. [7.37], 
[7.38] and [7.40])1 

Acquisition criterion 

Triggered 

FLA  

[number] 

"no FLA" 

 [number] 

P
ro

p
e

rt
y
 d

a
m

a
g
e
 

< EUR 1,000 3 452 

< EUR 10,000 2 132 

< EUR 100,0002 3 59 

< EUR 500,000 0 10 

< 1.000.000 EUR 0 1 

> 1.000.000 EUR 0 1 

No specification possible 3 76 

Total 11 731 

E
x
te

n
t 
o

f 
fi
re

 

Subject 8 534 

Room 1 133 

Several rooms 2 22 

Apartment 0 9 

Floor 1 14 

Several floors 0 7 

Fire compartment 0 8 

Several fire compartments 0 2 

Stairwell 1 3 

Overall building 0 13 

Further buildings 0 2 

Total 13 747 

S
m

o
k
e
 S

p
re

a
d

in
g
 

Not significant 4 374 

Room, Shaft 3 117 

Apartment 3 119 

Floor 1 54 

Stairwell 1 48 

Corridor 0 25 

Several floors 0 37 

Total 12 774 

Smoke stratification visible 3 158 

Escape route usable 7 446 

L
W

 i
n

s
e
rt

 

No fire water  5 216 

< 500 L 4 375 

< 2500 L 0 105 

> 2500 L  2 45 

Total 11 741 

                                                           
1 Due to the small number of cases, percentages are not given for lack of meaningfulness. 

2 Due to the large concentration of values and the loss potential, the prevented property damage with triggered FLAs is likely to be significantly 

greater than without FLAs. 
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 Compensation of structural fire protection measures through extinguishing 

systems 

As indicated in Section 7.1, the compensation of approving authority requirements by fire alarm 

systems can be investigated in more detail with a time-dependent system reliability calculation 

taking into account the individual boundary conditions [7.4] (see Chapter 10).  

Alternatively, a simplified semi-probabilistic method [7.3], [7.4] can be used. In this case, the 

natural fire scenario is considered which would result from the functioning of the respective 

plant-engineering measure. The individually existing failure probability of the plant engineering, 

the scatter of the model variables used in the verification and the uncertainties of the 

calculation model are taken into account by means of probabilistically derived partial safety 

factors.  

The following are examples of some of the regulations anchored in the model ordinances for 

special buildings with the status of 2014 for sales premises and the status of 2008 for garages 

for the reduction of certain requirements in the presence of a sprinkler system. 

 Without sprinkler protection, load-bearing walls, pillars and supports in the case 

of ground-floor retail outlets must be fire-retardant, whereas if a sprinkler system 

is present no requirements are placed on the load-bearing structure. 

 The smoke section size of unsprinklerised closed garages is 2,500 m2, and if a 

sprinkler system is present, the smoke section size may not exceed 5,000 m2. 

 Project-related fire and extinguishing tests, especially from 1992 until today, with 

the aim of compensating for structural measures with an equally high safety level, 

have shown that the use of water-based extinguishing and firefighting systems 

for the protection of unprotected wood, steel and glass constructions with the 

application of specific fire alarm/nozzle combinations (saftey fire detection for 

longitudinal and transverse ventilation up to 6 m/s and heat release rate up to 

15.0 MW as well as heat flow density up to 460 kWh/m²), as a plant-specific 

compensation is possible. Depending on the selected distribution type and 

intensity of the extinguishing agent water (effect directly on the component 

surface/fuel surface and/or spatial effect in the vicinity of the reaction zone of the 

flame and the hot fire and smoke gas layer rising from the source of the fire), the 

following results, among others, could be achieved: 

 No temperature increase of components and constructions above 90°C (for wood 

not above 50°C), 

 No temperature increase of the ambient air to over 30°C with a vertical 

temperature gradient of up to 10°C,  

 Creation of acceptable visibility conditions of up to 15 meters and more, 

 Reduction of the heat radiation passage to values below 8 to 10 kW/m², in some 

cases to below 2.5 kW/m². 
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7.4 Smoke and heat exhaust ventilation systems 

 General information 

The term smoke and heat exhaust ventilation system (SHEVS) is a collective term for natural 

smoke and heat exhaust ventilation systems (NSHEVS), mechanical smoke and heat exhaust 

ventilation systems (MSHEVS), pressure differential systems (PDS) as well as heat exhaust 

systems (HES), which in the advanced stage of fire allow thermal relief with the aid of meltable 

surfaces [7.61]. 

The so-called smoke and heat extraction openings cannot be directly assigned to the smoke 

and heat extraction systems. These also use thermal lift, but only meet the minimum 

requirements of the building regulations. No reliable predictions can be made for the functional 

safety, effectiveness and efficiency of such smoke extraction openings. Therefore, they are 

not sufficiently suitable in the verification procedure, e.g. with engineering methods. 

Smoke and heat exhaust ventilation systems, if correctly dimensioned, fulfill the following tasks 

in the event of fire: 

 Support of an intrinsically safe and effective firefighting by the fire brigade by 

improving the sighting of the source of the fire, 

 Support in the rescue of persons by reducing smoke and fire gases, so that 

breathing is improved, escape routes are easier to recognise and rescue services 

can find them more quickly, 

 Prevention or delay of the fire leap (flash-over), 

 Reduction of consequential fire damage caused by smoke and fire gases 

(protection of smoke-sensitive material assets) and thus securing the company, 

 Reduction of thermal stress on building components by dissipating the heat of 

fire. 

The required opening area of natural smoke ventilation systems or the flue gas volume flow of 

mechanical smoke ventilation systems depends in particular on the following boundary 

conditions: 

 Use of space, 

 Height of the room, 

 required height of the low-smoke layer, 

 existing fire loads, 

 expected time of fire development, 

 size and height of the supply air area, 

 height of the smoke curtains, 

 plant-related interactions (e.g. ventilation systems, extinguishing systems). 
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 Types of smoke and heat exhaust ventilation systems 

 Natural smoke and heat exhaust ventilation system (NSHEVS) 

The effect of the NSHEVS is based on the discharge of smoke and fire gases via natural 

buoyancy forces and a pressure difference to the outside air which is created under the ceiling. 

For this purpose, a smoke layer of at least 1 m thickness must be stabilised under the ceiling. 

A sufficiently large supply air downstream flow that is as close as possible to the floor and acts 

promptly after the opening of the NSHEV is an essential prerequisite for the smoke extraction 

effect. 

The limitation of the smoke section is required for the stability of the smoke layer, as well as 

the prevention of additional flows within the smoke layer in case of fire (e.g. continuing room 

ventilation systems). Essential information on NSHEVS is published in DIN EN 12101-2 [7.50], 

the principles for planning and installation of NSHEVS are published in DIN 18232-2 [7.51], 

VdS 2098 [7.52], VDI 6019-1 and -2 [7.43]. The height of the low-smoke layer and the mode 

of operation of the intended smoke extraction system are calculated and the necessary smoke 

extraction areas or volume flows and the required supply air downstream flow are determined. 

Figure 7.9 shows typical components of a NSHEVS. 

 

Figure 7.9  A natural smoke and heat exhaust ventilation system 

 Mechanical smoke and heat exhaust ventilation system (MSHEVS) 

The effect of the MSHEVS is based on the removal of smoke and fire gases through 

mechanically generated volume exchange from the smoke layer into the outside air. For this 

purpose, an at least 1 m thick smoke layer must be stabilised under the ceiling. A supply air 

downstream flow as close as possible to the floor at low velocities (< 1 m/s) is an essential 

prerequisite for the smoke extraction effect even before the MSHEVS is activated.  
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The limitation of the smoke section is necessary for the stability of the smoke layer, as well as 

the prevention of additional flows within the smoke layer (e.g. continuing room ventilation 

systems). 

Essential information on flue gas fans is published in DIN EN 12101-3 [7.53], basic information 

on planning and installation of MSHEVS is published in DIN 18232-5 [7.54] and VDI 6019-1 

and -2 [7.43]. Figure 7.10 shows typical components of a NSHEVS. 

 

Figure 7.10 A mechanical smoke and heat exhaust ventilation system 

 Pressure differential systems (PDS) 

PDS use mechanically generated overpressure to ensure that the room to be protected, e.g. 

the safety stairwell in high-rise buildings, is smoke-free. With the pressure difference method, 

fans generate a controlled overpressure in the room to be protected (staircase, air lock, 

staircase anteroom), which prevents smoke and fire gases from entering the area to be 

protected when the doors are closed. The force required to open the connecting door must be 

reduced to a maximum of 100 N so that users can safely enter the protected area with such 

limited door opening forces. Thus, for example, the necessary door closer is also part of the 

PDS. 

If a door is opened, the existing pressure difference is not sufficient to prevent smoke from 

entering the area which is to be protected. Instead, a sufficient air flow should be generated to 

fill the entire door opening and flow from the area which is to be protected into the adjacent 

room. These volume flows are then discharged to the outside in the fire floor via a sufficient air 

outlet opening. If this outflow opening is missing or if it is opened too late, smoke would also 

flow into the area which is to be protected after a very rapid pressure equalisation. The PDS 

is designed in such a way that a specified air volume flow (e.g. 2 m/s) in the open door prevents 

smoke from entering the area to be protected. 
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Essential information on PDS kits is published in a completely revised DIN EN 12101-6 [7.55]. 

The 2005 version of DIN EN 120101-6 [7.55] contains errors and should no longer be used. 

Essential information on project planning, installation, commission and maintenance of PDS is 

published in a new DIN EN 12101-13 [7.56] (until publication, VDMA 24188 [7.57] may be used 

as an alternative). 

The project planning of the PDS depends in particular on the following boundary conditions:  

 height of  the building (or staircase), 

 pressure resistances in the area to be protected (e.g. size of the stairwell, design 

of the railings), 

 area of leakage (pressure losses), 

 area of the doors and forces of the door openers, 

 design of the floor plans (with or without anteroom, protected or unprotected, with 

or without connected corridor) as well as location and size of the air discharge, 

 entrance doors in case of fire mainly closed or open (a mainly open house 

entrance door may require a separate shaft for the supply of air on each floor, 

 design criteria for the intended use of doors in case of fire, 

 type of system control and pressure relief selected (with doors closed), and 

 interactions in the system (e.g. to ventilation systems, extinguishing systems). 

PDS works closely together with other measures of structural fire protection, plant fire 

protection and building services. A PDS must always be activated automatically (usually via a 

comprehensive fire alarm system). The PDS project planning is to be included in the building 

planning at the earliest possible stage.  

Before the start of building use and after any relevant change, the system settings of the PDS 

must be determined and adjusted if necessary. A PDS must be checked annually by a 

competent person for its function and adjustment and must be maintained regularly. Figure 

7.11 shows the components of an PDS. 
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Figure 7.11  a pressure differential system (PDS) 

 Heat exhaust system (HES) 

In the case of the dominant heat release during the course of the fire, melting light surfaces 

(HES) can be used in addition to the existing NSHEVS and MSHEVS to provide thermal relief 

in order to extend the stability of the load-bearing building components. These are taken into 

account, for example, in the verification according to MIndBauRL in order to increase the 

permissible size of fire compartments and firefighting sections for industrial buildings or to 

reduce the requirements for the fire resistance of the building components. 

Important information on heat extraction can be found in DIN 18230-1 [7.1], DIN 18232-4 [7.58] 

and DIN 18232-7 [7.59] 

 Effect of smoke and heat ventilation 

The consideration of the effect of SHEVS on the fire scenario results from the change in 

ventilation conditions. A distinction is made here between ventilation-controlled and fire load-

controlled fires. This has an influence on the temporal course of the heat release rate, if the 

fire is ventilation-controlled (Figure 7.12). In addition, the heat extraction reduces the hot gas 

temperature, which, e.g. in the MIndBauRL [7.1], leads to a possible enlargement of the fire 

compartment or a reduction of the fire resistance requirements. The influence of the improved 

heat removal due to the enlargement of the ventilation openings for calculating the mean hot 

gas temperature is taken into account in the fire load controlled case (Figure 7.13). 
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Figure 7.12 Influence of smoke and heat extraction on the heat release rate in a ventilation-

controlled fire 

 

Figure 7.13  Influence of the improved heat extraction through larger ventilation openings 

on the mean hot gas temperature in a fire load-controlled fire 

 Reliability of SHEVS 

For evaluating the reliability of smoke and heat exhaust ventilation systems statistical data are 

published at https://www.vfdb.de/themen/statistiken/publikationen/quellen-zur-

funktionssicherheit. TÜV e.V. records the defect rates of smoke and heat exhaust ventilation 

systems annually during the initial and repeat inspections carried out by TÜV (Table 7.7). The 

SHEVS inspected by TÜV (in 2016 approx. 8,000 smoke and heat ventilation 

devices/openings) are not differentiated in the statistics into the most varied types of design 

(MSHEVS, openings for smoke extraction, with or without automatic or even manual triggering, 

etc.). The quality of the installation and maintenance condition of these SHEVS was not subject 

to any special requirements. Therefore, the average condition of the building stock is described 

here. The poorer defect rate in the recurring inspections is due, among other things, to a lack 

of or inadequate maintenance in individual buildings. 
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Table 7.7 Defect rates RWA Building Law Report 2016 VdTÜV [7.60] 

 first-time audit recurring test 

flawless 49.6% 44.6% 

minor faults 27.2% 32.5% 

substantial defects 23.2% 22.9% 

Total 100.0% 100.0% 

 

Several hundred thousand natural smoke and heat exhaust ventilators, most of which were 

planned, installed and regularly maintained by recognised specialist companies in accordance 

with the generally recognised rules of technology (e.g. DIN 18232 [7.51], VdS 2098 [7.52] and 

DIN EN 12101 [7.50]), have been recorded by the FVLR as part of regular maintenance (Table 

7.8). 

Table 7.8 Functional states of NSHEVS recorded by FVLR e.V. before the respective 

maintenance (https://www.fvlr.de/rwa_stat_funktionssicherheit.html) 

Inspection within the scope of maintenance 

functional 98.98% 

on-site damage 0.02% 

improper use / omitted provision 0.01% 

intervention by the customer / 

obstruction of the opening 

0.62% 

faulty NSHEVS installation 0.12% 

Failure of NSHEVS components 0.10% 

different reasons 0.16% 

Total not functional 1.02% 

For the evaluation of the functional safety of smoke and heat exhaust ventilation systems 

(without differentiating the type of system), the defect rates determined by the TÜV during the 

expert inspection can preferably be used for the verification of older systems or systems whose 

system technology probably does not comply with the generally accepted rules of technology.  

For the evaluation of the functional efficiency of natural smoke and heat exhaust ventilation 

systems, which are planned, installed and regularly maintained in accordance with the 

generally accepted rules of technology, the values determined by the VAVR during 

maintenance can be used. 

Reliability values for mechanical smoke and heat exhaust ventilation systems, pressure 

differential systems and heat exhaust systems are not available.  

In the event that NSHEVS are opened manually by operating personnel when a fire is detected, 

[7.6] provides some rough reference values for reliability based on an expert survey. However, 

these cannot be transferred to modern smoke and heat exhaust ventilation systems, which 

always provide for automatic activation. 
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 Effectiveness of smoke and heat ventilation systems 

On the basis of the vfdb fire damage statistics (see e.g. [7.37], [7.38], [7.39], [7.40], [7.41], 

[7.61], Phase I and II with 5,016 mission reports of 28 fire brigades with a total of 1,216 real 

fire events), the effectiveness of smoke and heat exhaust ventilation systems (SHEVS) can be 

assessed according to various fire damage criteria (see Chapter 7.2.5 and 7.3.5). 
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Table 7.9 shows the evaluation of the fire damage criteria when natural and mechanical smoke 

and heat exhaust ventilation systems are triggered in comparison with cases where no system 

technology was available according to the fire brigades. Of the 5,016 building fire incidents 

recorded, 38 cases of SHEVS were available with differentiated information on the damage 

criteria. This low number of cases is due, among other things, to the fact that SHEVS are 

mainly installed in more complex buildings. These cases can therefore also involve a higher 

loss potential than the average building stock. The proof of effectiveness for SHEVS is 

therefore statistically not yet completely reliable, but already allows more than just tendentious 

conclusions - similar to the case with fire extinguishing systems (see Chapter 7.3.5). 

A trend with regard to the effectiveness of SHEVS can be derived from the   
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Table 7.9. In the presence of smoke and heat ventilation, no fire cases were recorded in which 

the property damage was estimated to be greater than EUR 100,000 and only 8 fire cases 

(22%) in which the estimated property damage was greater than EUR 10,000 - and this despite 

the fact that buildings with smoke and heat ventilation are expected to have a high damage 

potential. In comparison, the extent of the fire is similarly often limited to one object (67 % for 

fires with SHEVS triggered). With regard to smoke spread, the proportion of fires spreading 

into the stairwell is significantly higher in fires with triggered SHEVS (26 % compared to 6 % 

in fires without SHEVS). This can be deduced from the building law requirement of the smoke 

extraction opening in the stairwell and the natural flow paths in the building. Different SHEVS 

systems are used to combine different mechanisms of action (smoke extraction, keeping 

smoke free as well as SHEVS to create a low-smoke layer) to achieve different protection 

goals. With the number of cases recorded for SHEVS, it is not yet possible to differentiate the 

effectiveness according to the various systems. In general, it can be seen that when SHEVS 

are triggered, less extinguishing water is used compared to fires where no SHEVS are present. 

Thus, in 45 % of the cases no extinguishing water was used (29 % in fires without SHEVS). 

Therefore, the damage criteria can be used to demonstrate a positive influence of smoke and 

heat ventilation systems on the effectiveness of mobile firefighting measures by the emergency 

services. This reflects the rapid localisation of the source of the fire with comparably better 

visibility and thus prompt extinction of the source of the fire as well as early heat dissipation. 
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Table 7.9 Evaluation of fire damage criteria for the triggering of natural and mechanical 

smoke and heat exhaust ventilation systems (SHEVS) in the event of fire in comparison to 

operations where no SHEVS were present (source: vfdb fire damage statistics [7.61]; Phase 

I and II with 5,016 building fire operations by 28 fire brigades, including 1,216 actual fires; 

see [7.37], [7.38] and [7.40]) 

Acquisition criterion 

Triggered Share 

SHEVS  

[number] 

“no 

SHEVS” 

 [number] 

SHEVS 

[%] 

“no 

SHEVS” 

 [%] 

P
ro

p
e

rt
y
 d

a
m

a
g
e
 

< EUR 1,000 18 452 50 69 

< EUR 10,000 10 132 28 20 

< EUR 100,000 8 59 22 9 

< EUR 500,000 0 10 0 2 

< 1.000.000 EUR 0 1 0 0 

> 1.000.000 EUR 0 1 0 0 

No specification possible 2 76 --- --- 

Total 38 731 100 100 

E
x
te

n
t 
o

f 
fi
re

 

Subject 24 534 67 71 

Room 9 133 25 18 

Several rooms 1 22 3 3 

Apartment 0 9 0 1 

Floor 0 14 0 2 

Several floors 0 7 0 1 

Fire compartment 1 8 3 1 

Several fire compartments 0 2 0 0 

Stairwell 1 3 3 0 

Overall building 0 13 0 2 

Further buildings 0 2 0 0 

Total 36 747 100 100 

S
m

o
k
e
 S

p
re

a
d
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g
 

Not significant 4 374 7 48 

Room, Shaft 9 117 17 15 

Apartment 14 119 26 15 

Floor 5 54 9 7 

Stairwell 14 48 26 6 

Corridor 6 25 11 3 

Several floors 2 37 4 5 

Total 54 774 100 100 

Smoke stratification visible 12 158 --- --- 

Escape route usable 25 446 --- --- 

L
W

 i
n

s
e
rt

 

No fire water  17 216 45 29 

< 500 L 14 375 37 51 

< 2500 L 5 105 13 14 

> 2500 L  2 45 5 6 

Total 38 741 100 100 
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 Compensation of structural fire protection measures through SHEVS 

SHEVS serve to create a low-smoke zone (layer) of corresponding height in the room. The 

building code requirement for SHEVS serves in particular to support the fire brigade in the 

case of external rescue and to carry out effective extinguishing work in the sense of the 

protection target. Smoke removal from escape routes to ensure usability in the phase of 

personal rescue is not provided for in standard buildings. Corresponding definitions of the 

protection goals can be found in the policy paper of the expert commission on construction 

supervision - "Rescue of Persons" and "Effective Extinguishing Work" - protection goals under 

building law with regard to smoke extraction [7.46]. In addition, SHEVS serve to protect 

material assets and to ensure the continued existence of companies by thermally relieving 

components.  

Under building law, SHEVS are used for protection targets  

 that in addition to the minimum requirements of the building regulations are 

necessary or desired,  

 as compensation for deviations and facilitations to the building regulations, or 

 as part of the application of engineering methods. 

The possibility of compensating for building authority requirements by smoke and heat exhaust 

ventilation systems can be examined more closely with a time-dependent system reliability 

calculation (see Chapter 10). For this, however, dependable values for the reliability in case of 

requirements would have to be available. 

In the following, some examples of regulations anchored in the model ordinances for special 

buildings with a status of 2020 for the reduction of certain requirements in the presence of 

smoke and heat ventilation systems are summarised: 

 In the presence of effective SHEVS in the shopping mall of sprinkled sales 

outlets, the escape route in the shopping street may have an additional length of 

35 m in accordance with MVkVO.  

 According to the model industrial building guideline, depending on the safety 

category and fire compartment area, there are no requirements for the fire 

resistance duration of load-bearing and bracing components in single-storey 

industrial buildings of limited dimensions if the heat extraction area is at least 5% 

of the floor area (NSHEVS are counted towards the HES area). 

 According to the model industrial building code, a larger fire compartment area 

can be constructed in conjunction with a fire alarm system and the installation of 

at least 1 NSHEV per 200 m² floor area with a smoke extraction area of at least 

1.5 m² Aw. 

 In accordance with MHHR, a safety staircase protected by an PDS replaces the 

second structural escape route in high-rise buildings up to 60 m high. 
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7.5 Activation of fire protection systems 

 Type of activation 

Fire protection systems are activated either automatically by a fire detection linked to the fire 

protection system or manually by persons. 

Automatic triggering requires automatic fire or smoke detection. Typical triggering elements 

are elements that react to smoke, heat or flames. 

Fire alarm systems are controlled by electronic detectors when triggered automatically, these 

are smoke, heat and flame detectors, carbon monoxide sensors can also be used. 

Automatic extinguishing systems can be triggered automatically either by thermal triggering 

elements (glass ampoule, fusible link, mainly in sprinkler systems) or electronic triggering 

elements (smoke detectors, heat detectors, flame detectors, e.g. gas extinguishing systems, 

water extinguishing systems with open nozzle networks). 

In addition, pneumatic-hydraulic triggering systems (exciter systems with thermal detection 

elements) of extinguishing systems belong to the automatic triggering systems. 

The automatic triggering of smoke and heat ventilation systems is either by thermal triggering 

elements (glass ampoule, fusible link) or electronic triggering elements (smoke detector, heat 

detector, flame detector). 

 Triggering times 

 General information 

When determining the triggering times of the different fire protection systems, the thermal 

triggering elements (glass ampoule, fusible link) and the electronic triggering elements (smoke 

detector, heat detector, flame detector) can each be considered in combination due to their 

own triggering characteristics. 

There are no reference values for triggering times of manually triggered fire protection systems. 

 Trigger element glass ampoule 

Automatic tripping by glass ampoules is used in extinguishing systems with closed pipe 

systems, primarily for sprinkler systems and water mist extinguishing systems. In addition, 

natural smoke and heat extraction devices are often equipped with such a trigger on the device. 

The triggering time of the glass ampoules of natural smoke and heat extraction devices can 

be determined approximately analogous to the triggering times of sprinkler systems. 

The triggering time tact of sprinkler systems with a closed pipe network (glass ampoules) was 

empirically determined for different fire intensities, room heights as well as response classes 

and inertial indices in [7.43] 

 Electronic triggering elements 

Automatic tripping by means of electronic tripping elements is mainly used for extinguishing 

systems with open pipe systems (sprinkler systems, water mist extinguishing systems, gas 
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extinguishing systems), for pilot-controlled extinguishing systems, if necessary, for fire alarm 

systems and for the control of natural or mechanical smoke and heat extraction systems. 

According to [7.43] the triggering time of smoke detectors is set at 120 s. Investigations of the 

triggering times for standard fires under laboratory conditions [7.43] resulted in permissible 

scatters for smoke detector series of the same design which call into question a formula-based 

determination of triggering times. 

For heat detectors, triggering times can be determined using [7.44].  

The determination of triggering times for flame and multi-sensor/multi-criteria detectors is 

currently not covered by formulas. 

7.6 Defensive fire protection 

 Effect of extinguishing work on the fire scenario 

 General information 

The decisive factor regarding the influence of a fire brigade on the temporal course of the heat 

release rate is the beginning of the extinguishing work or the time necessary until the fire is 

controlled. In the case of recognised industrial fire brigades, it is assumed that they will arrive 

at the scene 5 minutes after being alerted. The prerequisite for this is that the fire alarm has 

been automatically triggered. 

In individual cases, an operational-tactical study, for example in the context of object-specific 

operational planning or local fire protection requirements planning (political determination of 

the local level of protection), should be carried out to determine which periods are to be 

expected, since these periods are influenced by several factors. The following factors can be 

considered: 

 the type of fire alarm, 

 the presence of operating personnel, 

 an automatic fire alarm, 

 the location of the property (inner-city or out-of-town) in relation to traffic density,  

 the number of personnel available in a secure manner, and 

 the equipment of the fire brigade, etc. 



7  Technical fire protection and firefighting  

286 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

 

Figure 7.14  Time course of the heat release rate (qualitative) when a fire brigade is deployed 

The decisive factor in answering the question of whether the fire brigade can be assumed to 

have any influence at all on the heat release rate at a certain scale of a fire is the fire area at 

the time of the start of extinguishing work, depending on the development of the fire. In the 

industrial building sector, and on the basis of investigations by Schubert [7.16] limit values for 

the calculation of extinguishing areas were determined, taking into account the conditions that 

are found in industrial construction, especially in single-storey halls, as a function of the forces 

and means of the fire brigades. There are no comparable investigations for non-industrial 

buildings. For completeness, it should be mentioned here that the research project "Innovative 

Security Architecture of Non-police Hazard Prevention (TIBRO)" [7.46] also supported by the 

vfdb, has no significance for the application of engineering methods, neither in terms of its 

objectives nor of its results. 

It can be conservatively assumed that the heat release rate remains constant for a period of 5 

minutes after the start of the extinguishing work and then diminishes linearly. Figure 7.14 

shows the qualitative course of the heat release rate. Regarding the maximum heat release 

rate, a distinction should be made as to whether the time tact is in the fire development phase 

( FKQ ) or in the fire load or ventilation controlled fire phase ( fcQ  or vcQ ). The linear description 

of the decreasing line represents a computational simplification. In reality, a concave curve is 

produced analogous to the fire growth phase (see Figure 4.1 in Chapter 4). The gradient of the 

decreasing line depends on the maximum fire area. The larger this fire area can become, the 

longer it takes until the fire is completely contained.  

The maximum heat release rate can be approximately deduced from the fire surface. The limit 

values have been determined on the basis of expert statements: 

Q  20 MW t4 = 30 min (7.4) 

20 MW < Q  50 MW t4 = 45 min (7.5) 

Q  > 50 MW t4= 60 min (7.6) 

The time course of the heat release rate is as follows: 

0 - tact:  


 
  
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 [MW] (7.7) 



7  Technical fire protection and firefighting 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 287 / 464 

tact - tcon:   max actQ t Q (t )  [MW] (7.8) 

tcon – tsup:    max act

sup

sup con

Q (t )
Q t t t

t t
  


 [MW] (7.9) 

For public fire brigades, different planning parameters are applied, whereby the time of 8 

minutes recommended by the AGBF is regularly used as the so-called auxiliary period for the 

time from the beginning of the submission of a notification of a loss event to the fire brigade, 

the disposition time, the alert time, the disengagement time and the travel time until the arrival 

of the first emergency services at the scene of the operation, the disengagement and the travel 

of the fire brigade [7.23]. Figure 7.15 shows the deployment of the public fire brigade from the 

beginning of the fire to the completion of the extinguishing work in the form of a flow chart. 

A quantification of the effect of public fire brigades on the fire scenario within the framework of 

engineering proofs is currently not possible due to a lack of valid data or only after consultation 

with the responsible fire protection authority.  

 

Figure 7.15 Flowchart with time periods for firefighting operations [7.35] 

 Auxiliary period 

According to DIN 14011 [7.23] the auxiliary periodis defined as the period of time from the 

beginning of the submission of a notification until the first emergency services arrive at the 

scene of the incident. It is made up of the disposition time, the alerting time, the disengagement 

time of the emergency forces and the travel time to the site of operation. 

 Intervention time 

In order to be able to quantify the effect of extinguishing measures by a fire brigade on the fire 

scenario, the time span from the outbreak of the fire to the start of firefighting should be known. 

This corresponds approximately to the intervention time, which is defined according to DIN 

14011 [7.23] as the time span between the discovery of a fire and the effectiveness of the 

ordered measures after the exploration and development time at the site of action. The 

intervention time is composed of the reporting time, disposition time, alarm time, 
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disengagement time, travel time, investigation time and development time (see Figure 7.15). 

It depends essentially on 

 the discovery of the source of the fire, 

 the distance of the fire site from the alarmed fire station, 

 the average traffic density on the approach route and special time delay points 

(e.g. level crossings), 

 the type and use of the property (the time required for exploration and 

development is, for example, much greater in the case of tunnels than in the case 

of single-family homes), 

 the emergency forces available, in particular those who able to use respiratory 

protection, 

 the training level of the firefighters, and 

 the accessibility of the object. 

The training level of the firefighters can be simplified and assumed to be uniform across the 

country and does not depend on whether they are professional or volunteer firefighters. If a 

fire alarm system is present, accessibility is usually secured by a fire brigade key depot. 

Significant delays should then only be expected in exceptional cases. The exploration and 

development time can also be assessed for the different types of structures. The most difficult 

variable to predict is the time required to travel between the location of the fire brigade (fire 

station, fire equipment house) and the fire scene, which depends on the first two points 

mentioned: the distance travelled and the traffic density.  

A statistical evaluation of fire brigade data sheets was used to determine p-quantiles (p % 

fractiles) of the time span between the alarm and the start of extinguishing measures as a 

function of the effective distance between fire station and fire site [7.3]. This time span 

corresponds approximately to the intervention time defined above. The results are presented 

in Figure 7.16. 

The data is an example of a large city with about 260,000 inhabitants. In individual cases it 

must be taken into account that simultaneous fire events, traffic jams, traffic developments and 

road replanning can have a significant influence on the intervention times. 
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Figure 7.16  Quantiles of the intervention time depending on the distance from the fire station 

to the fire site 

Depending on the boundary conditions regarding the fire alarm, the fire development time can 

be determined. A generally valid use of the p-quantiles in the safety concept requires 

comprehensive fire statistics. 

If the speed at which the fire spreads is approximately known, the fire area reached at the time 

of the fire brigade's intervention can be estimated from the information on alarm times and 

auxiliary periods. 

 Simplified extinguishing model 

If, in individual cases and in coordination with the competent authority, the extinguishing effect 

of firefighting by the fire brigade is to be taken into account in fire simulations, the simplified 

extinguishing model described below can be used.  

It assumes that the fire spreads mathematically undisturbed until the time tact (start of the 

extinguishing measure) and reaches the fire area AF(tact). For certain fire models (such as the 

t² fire model) an "equivalent fire area" is determined and used. 

The acting extinguishing agent immediately stops the further spread of the fire and limits the 

fire area to the value AF(tact). A defined limit value for the controllability of the fire scenario 

should not be exceeded. The "maximum controllable fire area" AF,max.  

The following limit condition can then be formulated for the effectiveness of the extinguishing 

measure: 

AF(tact) < AF,max (7.10) 

The controllable fire area AF,max depends in particular on the choice and design or on the 

characteristic performance features of the firefighting measure, i.e. essentially on the following 

parameters: 

 18,80 



7  Technical fire protection and firefighting  

290 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

 the quantity and suitability of the extinguishing agent which can be effectively 

introduced into the fire, and 

 availability and reliability of this measure. 

It is assumed that on the fire surface AF(tact) the burning continues to take place with the

max actQ (t )  heat release rate achieved at the time tact. In this phase until the fire is controlled 

at time tcon, a reduction of the heat release rate due to the extinguishing effect of the 

firefighting system (being on the safe side) is neglected.  

However, it is assumed that due to the extinguishing effect, the proportion of the fire load 

burning on the fire surface AF(tact) is reduced to QF,red.  

The extinguishing effect LW decreases when the fire area AF(tact) approaches the maximum 

controllable fire area Aextinguish,max: 

LW = 1 - AF(tact) / AF,max (7.11) 

The reduced fire load QF,red can be estimated with equation (7.12): 

QF,red = (1 - LW2)∙QF(AF)    in kWh (7.12) 

The reduced fire load increases with increasing activation time tact and consequently with 

increasing fire area AF(tact). Conversely, firefighting measures that reliably develop their full 

effect even in small fire areas can greatly reduce the amount of fire load that can be transferred 

and, accordingly, the design fire (Figure 7.17). 

 

Figure 7.17  The extinguishing effect of firefighting when determining the design fire 

In mathematical investigations, conservative assumptions are generally made in order not to 

underestimate the actual fire hazards. The assumptions and approaches of the model 

described apply to fires that preferably spread in the area and can be characterized by the fire 

surface AF(t). Other fires should be convertible to "equivalent surface fires" because of the 

"failure criteria" of the extinguishing measures. These assumptions do not apply to shelf or 

high-bay fires, which preferably develop at height and require special firefighting measures. 

The time for the start of the extinguishing measure (the extinguishing agent reaches the 

burning material) is known as tact (it has been calculated or determined or agreed).  
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For the scenario of a quantified "critical" housing fire, the following values, among others, are 

given today by evaluating damage experience [7.35], [7.36]: 

 80% of all domestic fires can be extinguished with up to 1,000 l (min. 800 l) and up 

to 90% with approx. 2,300 l of water.  

 25% of all fires are extinguished by developing additional water supply points with 

sufficient water supply (DVGW 405 - 300m radius).  

 The average duration of firefighting without additional water supply is 5 to 6 minutes. 

 Reliability of extinguishing measures 

The model described below is used to determine the probability of failure of extinguishing 

measures by fire brigades as a function of the fire area.  

The model is based on a simple limit state equation, in which the fire surface AF, which increases 

with the fire duration, is compared with the maximum controllable fire surface AF,max (equation 

7.13).  

2
F,max F act F,max aus actZ A A (t ) A (v t )       (7.13) 

In order to determine the fire surface AF, the internationally accepted approach to fire 

development (∙t² approach) is transformed by assigning  a numerical value for the rate of 

fire development vaus to the characteristic value for fire development. In the example 

calculations, the rate of fire development (vaus) was assumed to be vaus = 0.4 m/min for an 

average fire spread and vaus = 1.0 m/min for a rapid fire spread. tact is the time until the start of 

extinguishing work. 

 

Figure 7.18  Probability of failure of firefighting by the fire brigade as a function of the 

intervention time and the maximum controllable fire area 
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Information on the maximum fire areas which can be controlled by the fire brigade under the 

respective boundary conditions cannot to be found in the literature. Figure 7.18 shows the 

failure probabilities for extinguishing measures depending on the intervention time of the fire 

brigade for two different maximum controllable fire areas AF,max (200 m² / 400 m²). This size 

offers the possibility to take into account fire brigades with different capacities, for example 

due to a larger number of available squadrons (number of emergency services and associated 

equipment, such as in particular the number of pumps and hose material). 

Table 7.10  Model of input variables 

Parameters Symbol Unit 
Distributi

on 

Mean 

value 

Standard 

deviation 

Coefficient 

of variation 
Source 

Fire propagation 

speed 
from m/min 

Gauss 

standard 
0.4/1.0 

0.06 / 

0.15 
0.15 elected 

Critical fire area AF,max m² 
Gauss 

standard 
400/200 60 / 30 0.15 elected 

Intervention time tact min 
Gauss 

standard 
10.30 5 0.17 – 0.50 elected 

The results, which were calculated using FORM/SORM or a Monte Carlo simulation, are based 

on a standard deviation = 5 min for the intervention time of the fire brigade, while a coefficient 

of variation V = 0.15 was taken into account for the fire propagation speed and the controllable 

fire area. 

The values for p22 contained in the safety concept of Annex BB of DIN EN 1991-1-2/NA were 

determined on the basis of the model described here with the specified intervention times. For 

the critical fire area, the average value from Table 7.10 (Af,grenz = 200 m²) was used.  

 Effectiveness of firefighting operations 

The effectiveness of operative firefighting by a fire brigade can be demonstrated on the basis 

of the vfdb fire damage statistics (see e.g. [7.37], [7.38], [7.39], [7.40], [7.41], [7.61]). The 

evaluation of 5,016 mission reports of 28 fire brigades with a total of 1,216 real fire incidents 

(Phases I and II) shows that there are differences between professional fire brigades (BF), 

voluntary fire brigades (FF) and industrial fire brigades (WF). On the basis of the vfdb fire 

damage statistics, information is available on real building fires, from fire emergence and 

propagation, alarming the fire brigade and the fire protection measures initiated (in terms of 

plant engineering) to the recording of fire damage (see Chapter 7.2.5, 7.3.5 and 7.4.5). In the 

present data set, the volunteer fire brigades are underrepresented with regard to the reported 

case numbers. 
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Table 7.11 provides the data basis for quantifying the effectiveness of the firefighting method. 

This proof can be included in the safety concept of an object. The results show, for example, 

that in 91% of cases the property damage amounts to less than EUR 1,000 for industrial fire 

brigades, 60% for volunteer fire brigades and 56% for professional fire brigades. In contrast, 

for professional fire brigades the property damage amounts to more than EUR 10,000 and less 

than EUR 100,000 in 10% of cases, while this value is 8% for volunteer fire brigades and 2% 

for fire brigades. In almost all recorded fires (96 %) in which a industrial fire brigade was alerted, 

the fire was limited to one object. This proportion was significantly lower in the fire cases of the 

voluntary fire brigades (71 %) and the professional fire brigades (67 %). The professional and 

voluntary fire brigades thus show the same tendencies with regard to the spread of fire. Smoke 

spread is also negligible in 91% of cases of fires in which an industrial fire brigade was alerted, 

in 36% of cases of volunteer fire brigades and in 29% of cases of professional fire brigades. 

The smoke spread over one or more storeys shows similar values for professional and 

volunteer fire brigades with respectively 7 and 5% respectively, whereas here the smoke 

spread is strongly limited for site fire brigades with only one case (one storey) or 1% (several 

storeys). Here it can be seen that, comparable to the extent of the fire, the spread of smoke 

during operations of the professional fire brigade and the volunteer fire brigade is similar and 

proportionately greater than for fires recorded by site fire brigades. The results mentioned 

above also correlate with the shorter period of time a industrial fire brigade requires to arrive 

on site compared to a public fire brigade. 

No further conclusions regarding the extinguishing agent water used (e.g. effectiveness of 

water as extinguishing agent or effectiveness of water, depending on use by works or public 

fire brigades) can be derived from the evaluation for the recording criterion "Use of 

extinguishing water", because the use of water was only queried singly in the underlying 

recording sheet, but not, for example, the use of alternative extinguishing agents or the addition 

of wetting agents or foaming agents. 
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Table 7.11 Evaluation of fire damage criteria depending on the type of fire brigade (BF: 
professional fire brigade, FF: volunteer fire brigade, WF: industrial fire brigade; 
source: vfdb fire damage statistics[7.61]; Phase I and II with 5,016 building fire 
operations by 28 fire brigades, including 1,216 actual fires; cf. [7.37], [7.38] and 
[7.40]) 

Acquisition criterion 

Fire cases Share 

BF FF WF BF FF WF 

[ANZ.] [ANZ.] [ANZ.] [%] [%] [%] 

P
ro

p
e

rt
y
 d

a
m

a
g
e
 

< EUR 1,000 383 125 220 56 60 91 

< EUR 10,000 125 57 6 18 28 2 

< EUR 100,000 69 16 4 10 8 2 

< EUR 500,000 11 1 0 2 0 0 

< 1.000.000 EUR 1 1 0 0 0 0 

> 1.000.000 EUR 0 2 0 0 1 0 

No specification possible 98 5 12 14 2 5 

Total 687 207 242 100 100 100 

E
x
te

n
t 
o

f 
fi
re

 

Subject 485 156 238 67 71 96 

Room 163 35 5 22 16 2 

Several rooms 23 9 3 3 4 1 

Apartment 14 1 0 2 0 0 

Floor 11 4 1 2 2 0 

Several floors 7 4 0 1 2 0 

Fire compartment 7 3 0 1 1 0 

Several fire compartments 1 2 0 0 1 0 

Stairwell 3 2 1 0 1 0 

Overall building 14 3 0 2 1 0 

Further buildings 1 1 0 0 0 0 

Total 729 220 248 100 100 100 

S
m

o
k
e
 S

p
re

a
d

in
g
 

Not significant 228 86 222 29 36 91 

Room, Shaft 160 56 12 20 24 5 

Apartment 192 39 1 25 17 0 

Floor 57 16 1 7 7 0 

Stairwell 72 15 2 9 6 1 

Corridor 31 12 4 4 5 2 

Several floors 41 12 2 5 5 1 

Total 781 236 244 100 100 100 

Smoke stratification visible 107 114 5 -- -- -- 

 Escape route usable? 460 165 164 -- -- -- 

L
W

 i
n

s
e
rt

 

No fire water  326 85 66 45 40 28 

< 500 L 270 72 163 38 34 68 

< 2500 L 85 39 7 12 19 3 

> 2500 L  39 14 4 5 7 2 

Total 720 210 240 100 100 100 

Overall, the results from the   
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Table 7.11 show that the loss distributions of industrial fire brigades differ from those of professional 

and volunteer fire brigades, while the distributions between professional and volunteer fire brigades 

show high similarities. In this context, differences arise from the different structural deployment 

spectra of professional and volunteer fire brigades (e.g. the emergence of high-rise buildings and 

apartment blocks). As the municipalities are required to maintain an efficient public fire brigade in 

accordance with the country-specific regulations and the fire protection requirement plan, no 

significant differences are to be expected in the   



7  Technical fire protection and firefighting  

296 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

Table 7.11 between professional and voluntary fire brigades.  

 Compensation of structural fire protection measures through particularly 

effective extinguishing measures 

The possibility of compensating for building authority requirements by means of particularly 

effective measures for early firefighting can be examined more closely with a time-dependent 

system reliability calculation (see Chapter 10). For this purpose, however, reliable data on the 

effectiveness and reliability in case of requirements would have to be available. Since this is 

only the case to a very limited extent, an explicit consideration of firefighting by the fire brigade 

in the fire scenario is generally not taken into account. Instead, based on an evaluation of fire 

statistics of different fire brigades, it can be assumed that only 10 % of the incipient fires 

develop into a major fire with extensive damage [7.23].  

A differentiation of this general "failure probability" of manual firefighting according to the 

performance of the responsible fire brigade is hardly possible in the absence of fire statistics. 

Therefore, the "compensation" is limited to a general reduction of the probability of occurrence 

of a damaging fire in the semi-probabilistic safety concept for fire protection design with a 

natural fire model according to DIN EN 1991-1-2/NA [7.25]. 

On the other hand, it is undisputed that the more effective firefighting is carried out by a 

recognized industrial fire brigade in the area of industrial construction [7.26]. For many years, 

it has been taken into account in the fire protection design according to DIN 18230-1 [7.1] by 

means of the coefficient L for the fire protection infrastructure and can lead to a reduction of 

the required fire resistance duration comparable to that of an automatic fire extinguishing 

system (see Chapter 7.3.6).  
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8  LIFE SAFETY IN ESCAPE ROUTES  

8.1 Verification criteria for life safety 

The available verification criteria for life safety are: 

1) The height of the low-smoke layer, 

2) The quality of the low-smoke layer, in particular: 

2.1 The optical density per path length or the visibility (Chapter 8.2 and 8.3), 

2.2 The effects of toxic gases (Chapter 8.4), and  

3) Thermal impact from thermal radiation and convection (Chapter 8.5). 

1) Height of the low-smoke layer 

The most obvious and easiest to understand criterion is the height of the low-smoke layer. For 

self-rescue, layer heights of at least 2.5 m are typically required [8.31] depending on the 

strength of the stratification, room height and required safety margins, and only in exceptional 

cases less. The height of the low smoke layer is an essential output parameter of zone models. 

For CFD simulations, this parameter is based on evaluations of layer formation across the 

vertical coordinate axis, and the influence of gas flow inside the room may also be considered. 

In general, the height of the low-smoke layer is a conservative, early-stage criterion for life 

safety [8.32], which is based solely on physical phenomena and not on considerations of 

(individual) hazardous effects. 

2) Quality of the low smoke layer 

In order to demonstrate the extent of a low-smoke layer, evidence of the quality of the low-

smoke layer may be required. This applies in particular to a surrounding with stratification, in 

which smoke gas components enter the low-smoke cold gas layer, in smoke extraction 

concepts based on smoke dilution (e.g., in garages or tunnels) or in very conservative fire 

scenarios. The evaluation of the optical density per path length or visibility includes physical 

aspects as well as photometric and chemical considerations. Depending on the height of the 

objects to be detected in the room, the visibility criterion may take precedence over the height 

of the low-smoke layer [8.32]. Physical, chemical and physiological aspects are included in the 

evaluation of fire gas toxicity. Performance criteria based on toxicity are not conservative. They 

may only be used in well-founded cases or in very conservative scenarios. The simple 

replacement of conservative criteria such as low smoke layer height by toxicity verifications 

would lead to a reduction of the safety level. The advantage of using toxicity assessments is 

that, in principle, they are best suited for risk quantification due to the consideration of chemical 

and physiological aspects. 

3) Thermal effects 

The thermal effects of heat radiation and convection should be considered especially in the 

vicinity of the flame and below a hot gas layer. Physical aspects are mainly considered in the 

calculation methods.  

Since the impacts of the performance criteria 2 and 3 vary strongly locally, the computational 

verification of these criteria generally requires the use of CFD models. In the case of criteria 2 
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and 3, the harmful effect on humans depends on the duration of exposure. Since the effects 

typically increase with the development of the fire, the harmful effect (dose) on humans 

increases disproportionately (see Figure A2.3). The use of dose models such as FED (eq. 

(8.11)) or FEDthermal (eq. (8.17)) therefore forms the basis for the definition of quantitative 

performance criteria and corresponding limits (as e.g., in Table 8.2) and is therefore preferable 

for risk assessments. 

8.2 Obscuration by smoke 

The extent of smoke and the associated reduction in visibility plays a significant role in the 

assessment of the hazards posed by a fire. Simplifying the complex processes involved in the 

generation and spread of smoke, it can be described as a medium which is initially generated 

in the area of the combustion zone and transported by the buoyancy-driven convective flow, 

possibly influenced by ventilation flows caused by building openings or mechanical ventilation 

systems. In the following, the term "smoke" is to be understood as the aerosol consisting of 

solid particles, low-volatile substances attached to them and gaseous products. 

Obscuration by smoke is quantified by the optical density per path length DL or the extinction 

coefficient K. Both quantities describe the same physical facts, but differ in their mathematical 

formulation (negative decimal or natural logarithm of the relative light transmission divided by 

the path length), which results in a conversion factor 

𝐷𝐿 =
𝐾

𝑙𝑛(10)
≈ 0.43 ⋅ 𝐾  (8.1) 

Since both quantities have the same physical units (m-1), the underlying definition should be 

carefully considered when applying corresponding data. Sometimes the smoke density per 

path length is also given in the unit db/m, called obscura (Ob), where DL [Ob] = 10 x DL [m-1]. 

In the following, the term "smoke density" means the optical density per path length DL of the 

smoke. 

Important for the application in the verification process is the relationship between smoke 

density and mass concentration of the smoke (smoke particle load) csoot. 

DL = Dm • csoot / Ysoot (8.2) 

The quantity Dm is referred to as smoke potential (in relation to optical density per meter), or 

mass optical density (MOD) in accordance with DIN EN ISO 5659-1. Ysoot is the smoke yield, 

sometimes also referred as soot yield or smoke mass conversion factor. 

The yield Y of a combustion product is given in the form [g/g] (ratio of the mass of the 

combustion product to the mass of the burned fuel) as the portion of the overall mass released 

due to combustion. 

If the smoke potential is related to the extinction coefficient, the smoke potential should be 

multiplied by the factor ln(10) accordingly. 

As an alternative to the smoke potential, DL or K can also be calculated from the mass-specific 

extinction coefficient Km and the smoke particle density, the latter including the smoke yield 

Ysoot, 

Dm = Km · Ysoot / ln(10) (8.3) 
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with a typical value for the flaming combustion of mixed fire loads (wood, plastic) for Km of 8.7 

± 1.1 m2/g [8.5]. The advantage of using the smoke potential Dm compared to Km is that Dm 

directly contains the dependence of smoke opacity on the fuel, whereas in Km this is only 

expressed by the combination with Ysoot. Furthermore, the smoke opacity also depends on the 

combustion process (air supply, flame formation). Fire stages without flame formation usually 

show a significantly higher smoke potential. It should be noted, however, that in this case the 

rate of combustion - and thus also the smoke generation - is considerably lower than in fires 

with flames and correspondingly high heat release rates. 

8.3 Visibility of emergency signs 

The visibility – defined as the distance between the observer and the emergency sign where 

the sign can be seen and recognised – is a complex quantity dependent on many influencing 

factors (properties and density of smoke particles, illumination of the area, properties of the 

object being perceived, perspective, individual characteristics of the person, eye irritation due 

to fire gases etc.). 

The evaluation of smoke tests shows that there is a basically reciprocal relationship between 

smoke density and visibility. Studies on the effects of smoke on people [8.1], [8.2], [8.3] led to 

the following relationships: 

𝑆 =
𝐶

𝐾
 for non-irritant smoke or irritant smoke with K < 0.25 m-1 (8.4) 

and 

𝑆 =
𝐶

𝐾
⋅ [0.133 − 1.47 ⋅ 𝑙𝑜𝑔(𝐾)] for irritant smoke with K  0.25 m-1 and S > 0. (8.5) 

 

The measured data in Jin's experiments are given for a distance between 5 m and 15 m from 

the observer to the object being detected. The values for the constant C for light-emitting 

(illuminated by an internal light source) signs depend strongly on the luminance in addition to 

the smoke composition, with values between 5 and 10 being observed. For reflecting signs 

(illuminated by an external light source), values between 2 and 4 were observed, depending 

on the reflectivity of the signs. In practice, the mean values already provided by Jin for the 

parameter C of 8 (light-emitting sign) and 3 (reflecting sign) are frequently used [8.4], [8.5]. 

Figure 8.1 shows the relationship between visibility and optical density per path length for 

different smoke compositions. For this purpose, the respective mean value was used in 

equation (8.4) and (8.5) for the proportionality constant C and the extinction coefficient K was 

converted into DL. It can be seen that eye-irritating smoke components from a smoke density 

DL above about 0.1 m-1 lead to an increased reduction of the visibility compared to non-irritating 

smoke. As early as the 1960s, Rasbash determined a similar correlation between recognition 

distance and optical density per path length on the basis of his own investigations and external 

data [8.6], which is close to the correlation determined by Jin for light-reflecting signs. 



8  Fire safety in escape routes 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 305 / 464 

 

Figure 8.1 Visibility S as a function of DL 

  

The best-fit curves can also be extrapolated to lower [8.4] visibility - down to about 0.5 m (arm's 

length). However, in the range of smoke density DL less than 0.2 m-1 the visibility is 

systematically overestimated due to simplifications and approximations in (8.4) or (8.5). For 

the smoke-free case K = 0, these relationships are not applicable. However, since the transition 

from the smoke-free to the low-smoke (as defined in Chapter 8.5) situation is essential for the 

proof of life safety in the self-rescue phase, approaches that are also valid for the low smoke 

case should be used in these cases for a more detailed analysis. Such detailed information on 

the calculation of visibility for emergency signs based on corresponding smoke tests can be 

found in [8.23], [8.24], [8.25]. In general, the visibility S is obtained by equating the contrast cv 

with a contrast threshold cmin,  

𝑐𝑣 = 𝑐v,0 ⋅   𝐹scatter ⋅ 𝑒−𝐾𝑆 = 𝑐min  (8.6) 

cv is dependent upon the contrast (ratio of luminance of the characters or pictogram to that of 

the sign’s background) on the surface of the sign cv,0, scattering on smoke particles and the 

exponential attenuation of light in the smoke. The contrast threshold is not a constant but rather 

is influenced by a whole range of factors. Thus, in addition to smoke density, the illuminance, 

properties of the sign (size, contrast), scattering properties of the smoke (light or dark smoke) 

and criteria for defining the visibility (perception or identification) are also incorporated into the 

general approach (8.6). 



8  Fire safety in escape routes 

306 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

  

Figure 8.2 Recognition range S of a backlit escape route sign as a function of DL for different 

illuminance levels [8.25] 

Figure 8.2 shows an example of the influence of illuminance for a light-emitting sign of the size 

10 cm x 20 cm, with an average luminance of the pictogram (white arrow) of 450 cd/m2 and of 

the (green) sign background of 137 cd/m2 for smoke with a scattering ratio of 80% ("white" 

smoke). The corresponding experimental data are taken from the study [8.23]. The visibility 

calculation according to (8.6) requires an iterative solution procedure. Further information on 

this method can be found in [8.25], the complete set of necessary equations of determination 

can be found in [8.30]. 

Furthermore, the angle of view between the observer and the sign is also important for 

determining the recognition range. The methods presented here for calculating the visibility 

refer to the optimal case of a direct line of sight. In reality, however, especially in complex and 

large-scale installations, one will be able to approach a sign at very different angles, which can 

be taken into account by suitable methods [8.25]. 

The equations (8.4) - (8.6) apply to homogeneous conditions over the distance of the light 

beam. If relevant spatial differences in the smoke density occur, an appropriate local treatment 

of the light attenuation (integral decomposition) must be calculated [8.29]. 

Two effects of reduced detection range due to smoke formation that are important for self-

rescue are the associated slowing down of escaping persons and difficulties in orientation or, 

in general, trying to avoid smoky areas [8.10]. With a smoke density DL of approx. 0.1 m-1 and 

above it can be seen in empirical studies [8.1] that people who are unfamiliar with the 

surroundings will slow down. These aspects can be considered in advanced simulation models 

which take individual aspects of movement and behaviour into account [8.7], [8.8]. 
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8.4 The toxic effect of fire effluents 

A direct impairment of an individual's ability to act is often due to the narcotic or suffocating 

effect of the gases produced during a fire, and possibly also to a lack of oxygen (hypoxia). The 

toxic effect consists in an undersupply of oxygen to the tissue, especially to the brain cells, 

which can lead to unconsciousness within a very short time and subsequently to death (through 

toxic reaction or heat exposure). The most common asphyxiant gases found in fire victims are 

carbon monoxide (CO) and hydrogen cyanide (HCN), possibly reinforced by carbon dioxide 

(CO2) [8.10], [8.11]. 

A procedure to determine the duration of exposure up to incapacitation, suitable for quantitative 

safety considerations, is the "Fractional Effective Dose" (FED) method [8.4], [8.10], [8.12]. In 

this method, the quotient F of the partial dose absorbed in a time interval t and the total dose 

leading to incapacitation is added up for a series of time intervals. Incapacitation strikes as 

soon as this sum reaches the value F = 1. The time to incapacitation then results from the sum 

of these time intervals. F depends on the corresponding quotients Fj of the individual 

components CO, HCN, CO2 and O2 (oxygen deficiency): 

  

𝐹𝐶𝑂 =
3.317⋅10−5⋅𝑅𝑀𝑉⋅𝑐𝐶𝑂

1.036⋅𝛥𝑡

𝐷
  (8.7) 

 

𝐹𝐻𝐶𝑁 =
𝑐𝐻𝐶𝑁

2.36 ∙𝑅𝑀𝑉∙∆𝑡

2.43∙107  (8.8) 

 

𝐹𝐶𝑂2
=

𝛥𝑡

𝑒𝑥𝑝(6.1623−0.5189⋅𝑐𝐶𝑂2)
 (8.9) 

 

𝐹𝑂2
=

𝛥𝑡

𝑒𝑥𝑝(8.13−0.54⋅(20.9−𝑐𝑂2))
 (8.10) 

Concentrations of cCO and cHCN shall be expressed in ppm units and concentrations of cCO2 and 

cO2 in volume percent units. RMV is the respiratory minute volume in l/min. D is the critical 

quantity of carboxyhemoglobin (COHb) in the blood, expressed in volume percent units, which 

causes unconsciousness. RMV and D are dependent on individual physical characteristics and 

level of activity. Typical values, based on a 70 kg adult under light physical strain, are D = 30 

% and RMV = 25 l/min. For an adult at rest, D = 40 % and RMV = 8.5 l/min. Death occurs at D 

 50 %. For smaller children, the time to incapacitation is about two times shorter than for 

adults. 

It should be noted that these ratios were developed for short-term heavy loads (duration up to 

a maximum of about one hour and CO concentrations of around 2000 ppm). At lower 

concentrations of volatile substances, saturation effects and the proportion of exhaled 

pollutants play an increasingly important role, which leads to a reduction of the effective dose. 

More detailed procedures for determining the effect of carbon monoxide even at lower 

concentrations and longer exposure times are described in [8.10]. 
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The equations (8.7) - (8.10) follow the representation in [8.10]. In ISO 13571 [8.4] slightly 

simplified formulations of these relationships can be found, which refer to a typical adult under 

light physical stress. 

The Fj of the relations (8.7) to (8.10) must now be linked by an approach that takes into account 

the interaction of the individual components in a suitable approximation, in particular the effect 

of the increased respiration rate caused by the presence of CO2 (hyperventilation). This 

increases the absorption of the much more toxic gases CO or HCN, if they are present. For 

this reason, an amplification factor VHyp is introduced which makes it possible to estimate the 

effect of hyperventilation. This results in the following approach for calculating the quotient F:

  

𝐹 = max ((𝐹CO + 𝐹HCN) ⋅ 𝑉Hyp + 𝐹𝑂2
, 𝐹CO2

)  (8.11) 

with 

𝑉𝐻𝑦𝑝 = 𝑒𝑥𝑝(0.2 ⋅ 𝑐𝐶𝑂2
)  (8.12) 

In [8.4] the application of (8.11) is limited to CO and HCN, as these are assumed to be the 

dominant active substances in fire smoke. However, it is pointed out in a note that oxygen 

deficiency must be considered from an O2 concentration below 13 %. Following [8.4], 

hyperventilation according to equation (8.12) should be included in the calculation for a CO2 

concentration of 2% by volume or more. 

Toxic effects, in particular those of oxygen deficiency and carbon dioxide, are often not only 

dose-dependent but also concentration-dependent [8.10]. In addition, long-term effects may 

also have to be taken into account when determining acceptable limits [8.13]. If in (8.11) 

reference values are used for a typical adult with light physical demands, a maximum F of 0.1 

to 0.3 should be taken as a basis for determining the available evacuation time, with the lower 

value applying to particularly sensitive groups of persons [8.4], [8.10], [8.20], [8.26]. 

Regarding the various effects, it is usually more difficult to assess the large number of irritant 

gases that can be released during a fire. These often impair the sensory area and can therefore 

reduce the individual visibility (see Figure 8.1 and relation (8.5)) and make orientation more 

difficult. Methods for estimating the effects of irritant gases on persons (ability to act, 

obstruction of escape) and the associated concentration limits are given in [8.4], [8.10], [8.14]. 

In order to take into account, the combined effect of different irritants, the concept of fractional 

irritant concentration FIC [8.10] (or fractional effective concentration (FEC) in the terminology 

of ISO 13571 [8.4]) was developed. Similar to the FED model, the quotients of the present 

concentration and a critical reference value for the irritant in question are formed. Depending 

on the reference value selected, the total value FICirr = 1 corresponds either to an irritant effect 

which significantly restricts the possibilities of escape or to the occurrence of incapacitation 

(see Table 8.1). In contrast to the FED model, the duration of exposure is not important in this 

model approach, but the current effective concentration value is determined for each point in 

time. Assuming the effect of the irritant gases being approximately additive, the total FICirr 

value is the sum of the FIC of the individual components. Reference values for irritants 

frequently occurring in fire gases are given in the Table 8.1. The values of Purser [8.10] refer 

to concentrations which cause obstruction to escape or incapacitation in 50 % of the persons 
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affected. The definition of incapacitation in ISO 13571 refers to a person of average sensitivity. 

It is noticeable that there are significant differences between [8.10] and [8.4], especially for 

hydrogen fluoride HF and formaldehyde, although the respective definitions of the term 

"incapacitation" are similar. In the case of individual substances (especially HCl), there are 

also clear differences to the effects of pollutants in fires [8.14] listed in Annex 5 of vfdb guideline 

10/03 [8.14]. For particularly sensitive population groups, a safety factor of 0.3 is proposed in 

[8.10] for establishing the reference values according to the Table 8.1. 

Table 8.1 Reference values for determining FIC values 

Irritant gas Incapacitation 

[8.4] 

Incapacitation [8.10] Impair escape [8.10] 

HCl 1000 ppm 900 ppm 200 ppm 

HBr 1000 ppm 900 ppm 200 ppm 

HF 500 ppm 900 ppm 200 ppm 

SO2 150 ppm 120 ppm 24 ppm 

NO2 250 ppm 350 ppm 70 ppm 

Acrolein 30 ppm 20 ppm 4 ppm 

Formaldehyde 250 ppm 30 ppm 6 ppm 

Since the production rates for the release of irritant gases are often not known, a mathematical 

evaluation of the irritant gas effect using engineering methods is currently only possible to a 

limited extent. For mixed fire loads, with an optical density per path length of between 0.1 m-1 

and 0.2 m-1 irritant gas components may be present in the fire smoke, but in a concentration 

that is acceptable for short distances. At an optical smoke density of 0.1 m-1 and below, it can 

generally be assumed within the framework of an engineering verification that the smoke gas 

components (especially the irritant gases) do not impair successful escape (see Figure 8.3 and 

[8.7], [8.9], [8.10], [8.19], [8.20], [8.33]). 

For the assessment of the effects of toxic substances that are not explicitly dealt with in the 

procedures listed so far and the corresponding literature references, other proven methods of 

consequence analysis, such as those described in [8.21], can be used. In addition, there are 

alternative definitions of assessment values for life safety in hazardous situations, such as the 

Emergency Response Planning Guidelines of the American Industrial Hygiene Association 

(particularly the category ERPG-2 which describes the limit values below which, for an 

exposure time of up to one hour, no serious or irreversible health problems can be expected 

and the capacity for self-rescue is not impaired) or the international AEGL values (Acute 

Exposure Guideline Levels) developed under the leadership of the USA (dealt with by the 

Commission on Process Safety in Germany). Vfdb guideline 10/01 also refers to the AEGL 

values for the assessment of dangerous substance concentrations for firefighting. In the 

guideline, the tolerable concentration values (German: Einsatztoleranzwerte (ETW)), which 

are designed for an exposure time of up to 4 hours, are determined. The associated basic 

information paper [8.22] provides a comprehensive overview of the methods for the 

assessment of health consequences of major fires. Yields of the most significant acutely toxic 

fire gases depending on fire loads and ventilation conditions are compiled in [8.28]. 
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Figure 8.3 Measured distributions of toxic gas components in fire smoke [8.9] 

8.5 The thermal impact of hot fire gases 

In addition to the toxic effects of the fire effluents, possible heat effects also have a decisive 

influence on individual exposure and thus the time available for self-rescue. There are mainly 

three basic mechanisms of thermal impact that can lead to incapacitation and - in the last 

consequence - to severe physical damage or even death: thermal shock, skin burns and burns 

of the respiratory system. Details on this topic can be found, for example, in [8.4], [8.10], [8.15], 

[8.16]. 

Damage caused by hot gases can occur if persons are exposed to an increased ambient 

temperature for a longer period of time, which does not yet lead to direct burns. Corresponding 

critical temperatures depend on the humidity and the duration of exposure and range from 120 

°C in dry air to about 80 °C. The cause of thermal shock is an increase in body heat, with 

values above 40 °C body temperature leading to impaired consciousness and physical 

damage, while body temperatures above 42.5 °C untreated can even lead to death within a 

few minutes. 

Skin burns depend on the heat flow reaching the skin surface and are largely independent of 

the mechanism of heat transfer. Convection and heat radiation are particularly important in the 

case of self-rescue. In addition to air temperature, air humidity and the duration of exposure, 

air flow and the type of clothing play an important role. While the tolerance time in the range 

of the limit temperature between heat shock and burns is 15 - 25 minutes, it drops to 3 - 4 

minutes at temperatures of approx. 200 °C (dry air). With heat radiation, the tolerance threshold 

is about 2.5 kW/m2. In addition to the pain directly caused by the burns, burns of the skin 

surface can also lead to a state of shock caused by the loss of body fluid. This leads to a 

circulatory dysfunction and can even result in collapse or unconsciousness. 

Humidity plays an even greater role in respiratory tract burns than in other types of exposure. 

In principle, the previously stated tenability limits for skin burns (critical air temperature or 

critical heat flow) are also sufficient for protection against respiratory tract burns. Temperatures 

above 180 °C may cause a sudden inhalation heat shock. 
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Thus, on an empirical basis, the time  until the onset of the individual incapacitation can be 

estimated as a function of the local ambient temperature. It is important to note which definition 

underlies the term incapacitation in connection with heat exposure. Purser [8.10] uses the 

following definition, depending on the temperature range concerned, to determine incapacity: 

(1) Time at which painful skin irritation occurs immediately before the threshold to burning or 

(2) time at which a heat shock leads to disorientation and collapse. On this basis, the following 

relations were determined to determine the time  for achieving incapacitation by convective 

heat transfer at medium humidity. The following applies: 

  

𝜏𝑐𝑜𝑛𝑣 [𝑚𝑖𝑛] =
2⋅1031

(𝑇[°𝐶])16.963 +
4⋅108

(𝑇[°𝐶])3.7561 (8.13) 

 

In the case of high humidity (in the range of 100%), it should be checked whether conditions 

for the occurrence of a thermal shock may not already exist at lower temperatures. 

Critical irradiances q can also be specified, especially for the immediate vicinity of large flames 

and below hot gas layers. Below a threshold value of 2.5 kW/m2, heat radiation is tolerable for 

at least a few minutes, but above this value, the range which is tolerable for only a few seconds 

is reached very quickly, as the tenability limits given in the Table 8.2 illustrate. According to 

[8.17], the limit value of irradiance for long-term effects is 1.7 kW/m2. 

For irradiances q > 2.5 kW/m2, the time until second-degree burns are reached can be 

determined by the relation 

𝜏𝑟𝑎𝑑 [𝑚𝑖𝑛] =
6.9

(𝑞[𝑘𝑊/𝑚2])1.56  (8.14) 

The time until the pain threshold is reached, which does not necessarily have to affect the 

escape, can be estimated with the help of [8.4]. 

𝜏𝑟𝑎𝑑[𝑚𝑖𝑛] =
4.2

(𝑞[𝑘𝑊/𝑚2])1.9  (8.15) 

Purser [8.10] quotes 

𝜏𝑟𝑎𝑑 [𝑚𝑖𝑛] =
1.33

(𝑞[𝑘𝑊/𝑚2])1.33  (8.16) 

for reaching the pain threshold. 

Table 8.2 Tenability limits of heat radiation and convection [8.18]. 

Action Intensity or temperature Tolerable exposure time 

Heat radiation 10 kW/m2 Pain after 4 s 

(Exposure to skin) 4 kW/m2 Pain after 10 - 20 s 

 2.5 kW/m2 Pain after 30 s 

Convection < 40 °C (at H2O saturation) > 30 min 

(Airways, skin) 160 °C (< 10 % H2O) 2 min 

 120 °C (< 10 % H2O) 7 min 

 100 °C (< 10 % H2O) 12 min 
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For the combined effect of heat radiation and convection, it is also possible to specify a model 

depending on the duration of exposure [8.4], [8.10] 

𝐹𝐸𝐷𝑡ℎ𝑒𝑟𝑚𝑖𝑠𝑐ℎ = ∑ (
𝛥𝑡

𝜏𝑐𝑜𝑛𝑣
+

𝛥𝑡

𝜏𝑟𝑎𝑑
) (8.17) 

 

with FEDthermisch= 1, the limit of incapacitation is reached. 

8.6 Reference values for the assessment of life safety 

Reference values should be specified as an alternative to the complex toxic or thermal dose 

models described in the previous sections. These values can help evaluate the possible risk 

posed by various fire characteristics. The reference values for the quantitative verification of 

the fire-safety objectives are shown in Table 8.3. Typical mixed fire loads were assumed here, 

such as those found in an office, housing, or shopping store environment. 

The ratio of concentrations CO : HCN for fire loads with a low proportion of nitrogen (< 2 % of 

the fuel mass – e.g. office fires) is typically CO : HCN > 50 : 1, which means that the main 

impact comes from CO. For fires with a significant proportion of nitrogen (> 2 % of the fuel 

mass) the ratio is assumed to be 12.5 : 1 [8.26], [8.33]. This relatively high HCN yield was 

taken as the basis for the reference values in Table 8.3. 

It should also be noted that in the event of a fire, the local concentrations of fire effluents and 

oxygen are thermodynamically related. Since for this reason the oxygen concentration - if the 

limits given in the Table 8.3 are observed - is well above 15 vol.% (a value which, taken alone, 

does not lead to serious damage during the exposure times in question here), the oxygen 

concentration is not explicitly listed as a performance criterion. 

In the course of smoke propagation hot fire effluents are mixed into the cold gas zone. The 

result is an increase in temperature in the cold gas layer and an accumulation of smoke 

particles and pollutants. If this growth does not exceed the reference values given in the Table 

8.3, the associated increase in gas temperature remains correspondingly low. In [8.24], a 

maximum temperature increase in the order of 10 K was determined on the basis of 

measurements in fire tests and a parameter study with fire simulation models. This value is 

clearly below the acceptance values for the gas phase given in the Table 8.3, so that if 

acceptable smoke densities are detected, the temperature criterion is usually also fulfilled. 

The subdivision of the Table 8.3 into short (up to approx. 5 minutes), medium (approx. 5 - 15 

minutes) and longer (approx. 15 - 30 minutes) exposure time describes typical categories of 

egress times. The fire safety objective is fulfilled if none of the listed reference values is 

exceeded during the corresponding exposure time. 

In the following cases, detailed analyses using the methods described above may be required, 

taking into account the individual dose-dependent effect: 

 The fire smoke composition deviates significantly from the relative pollutant 

concentrations assumed in the Table 8.3 or toxic combustion products other 

than CO, CO2 and HCN are released in quantities relevant to life safety. 
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 The exposure times deviate significantly from the three categories of residence 

time chosen (very short or very long exposure times) or the concentration 

curves are subject to strong temporal fluctuations. 

 Particularly vulnerable groups of people are affected (e.g., in hospitals or 

nursing homes). 

 The exposure of people who cannot move themselves away from the 

hazardous area (e.g., passengers in travelling rail vehicles) or are reliant on 

third-party rescue should be evaluated. 

 

Table 8.3 Performance criteria and reference values for quantitative fire-safety objectives 

Assessment criterion 
large exposure time 

(< 30 min) 

medium exposure 

time (approx. 15 

min) 

short exposure time 

(< 5 min) 

CO concentration 100 ppm 200 ppm 500 ppm 

CO2 concentration 1 Vol.-% 2 Vol.-% 3 Vol.-% 

HCN concentration (1) 8 ppm 16 ppm 40 ppm 

Heat radiation 1.7 kW/m2 2.0 kW/m2 < 2.5 kW/m2 

Gas temperature (2) 45 °C 50 °C 50 °C 

Smoke density DL
 (3) 0.1 m-1 0.1 m-1 / 0.15 m-1 (4) 0.1 m-1 / 0.2 m-1 (4) 

Visibility (5), (6) 10 m - 20 m 10 m - 20 m 10 m - 20 m 
(1) The HCN concentrations are subject to wide variations. For typical fires there is a correlation with the CO/CO2 concentrations, whereby a 

conservative CO:HCN ratio of 12.5:1 is assumed. 
(2) The gas temperature refers to air with a water vapour content of less than 10 % by volume. The gas temperature shall not be used in isolation 

without simultaneous evaluation of the smoke propagation (in particular the smoke density) as an assessment parameter for the safety of 
persons. 

(3) On the basis of a mass-specific extinction coefficient Km = 8.7 m2/g, a soot concentration of 25 mg/m3 results (rounded) for DL = 0.1 m-1 and 50 
mg/m3 for DL = 0.2 m-1 (see Chapter 8.2). 

(4) The respective higher reference value can be used for assessment if the area concerned is clearly structured or the persons are familiar with 
the premises. 

(5) The visibility is subject to large variations. For typical fires there is a correlation with the smoke density DL. For more details, see Chapter 8.3. 
(6) The visibility criterion is usually verified by demonstrating the smoke density DL in conjunction with the recognition of emergency signs (see 

Chapter 8.3). It is therefore assumed that emergency signs indicating exits (illuminated or backlit) are installed within the low-smoke layer. 

With an optical density per path length DL 0.1 m-1, it can generally be assumed in a fire safety 

engineering design that at the same time the acceptance values for toxic fire effluents are not 

exceeded and that other components (in particular irritant gases which influence the visibility) 

and the gas temperature are not critical [8.7], [8.9], [8.19], [8.20], [8.33]. Therefore, this can be 

considered a performance criterion to identify a low-smoke layer in the escape routes. 
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Figure 8.4 FED ratios for the reference values from Table 8.3 
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Figure 8.4 shows the development of the FED ratio, normalised to 1 (see relation (8.11)), for 

the reference values from Table 8.3 for heavy work or particularly vulnerable people 

respectively (D = 20 %, RMV = 50 l/min), light work (D = 30 %, RMV = 25 l/min) and people at 

rest (D = 40 %, RMV = 8.5 l/min). For light work with the maximum exposure time of each 

underlying subdivision, the reference values from Table 8.3 reach a value of around 0.3, and 

even with heavy work they remain clearly below the limit for incapacitation of 1. 

8.7 Smoke yields 

The design fires described in Chapter 4 are used to quantify fire scenarios with regard to the 

release of heat and smoke. Here, in addition to the heat release rate as a function of time 

(dynamic fire development), the yields of the main combustion products (so-called smoke 

yields) as well as the smoke potential Dm or the mass-specific extinction coefficients Km (see 

Section 8.2) should be specified. 

The smoke yields Yi [g/g] indicate the ratio between the mass of the combustion product 

released (indicated by the index i) and the total mass loss of the fire load. The yields of the 

narcotic pollutants carbon monoxide (CO) YCO, hydrogen cyanide (HCN) YHCN and carbon 

dioxide (CO2) YCO2 as well as the yield of the obscuring smoke particles (soot) YRuß are of 

particular importance for the application of fire model calculations to evaluate life safety. As an 

alternative to the soot yield YRuß [g/g], the smoke potential Dm [m²/g] can also be specified, 

whereby both values are linked to one another by the equation (8.3). The release of hydrogen 

cyanide shall only be taken into account in the case of nitrogen-containing fire loads, such as 

polyurethane, nylon or acrylonitrile-butadiene-styrene (ABS). 

By multiplying the smoke yields by the combustion rate, the release rate of the respective 

combustion product is determined. For this reason, it is necessary to specify the effective heat 

of combustion hu,eff (product of heat of combustion hu and combustion efficiency ꭕ with ꭕ < 1) 

of the specific fuel or the mixed fire load, since this is used to determine the rate of combustion 

as a function of the heat release rate: 

𝑚̇𝑖 = 𝑌𝑖 ⋅ 𝑚̇ab = 𝑌𝑖 ⋅
𝑄̇

ℎu,eff
 (8.18) 

As the verification of life safety generally takes place for self-rescue in an early stage of the 

fire, it is necessary to specify the smoke yields of the primary fire material at the ignition point. 

Basically, there are two ways to determine the smoke yields: 

1) Use of empirical data for specific fuels (as referenced from literature) 

For the quantification of a fire scenario with regard to the release of combustion products, the 

smoke yields and smoke potentials of the main fire materials are determined on the basis of 

literature values (e.g., [8.5], [8.22], [8.27], [8.28]). The effective heat of combustion of the main 

fire substances must also be determined. In case of mixed fire loads, a weighted averaging is 

performed taking into account the respective burning rates. 

Based on published reference values, the smoke yields and smoke potentials can be directly 

assigned to substances or objects. For example, in the event of a fire in an entrance hall, 
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ignition can take place at a seating group whose upholstery is made of polyurethane foam. For 

this substance, the corresponding smoke yields can be taken from the literature. 

The smoke yields provided in the literature mainly apply to fuel controlled fire conditions only. 

For ventilation controlled fires there is an increase in the formation of products from incomplete 

combustion and therefore an increase in the yields of CO and soot and a decrease in the CO2 

yield. Accordingly, the smoke yields and, in some cases, the mass optical density should be 

corrected for under-ventilated fire conditions. Calculation methods for this are found in [8.27] 

and [8.28]. 

2) Use of conservative smoke yields 

For conservative fire scenarios, the yields of combustion products can be estimated taking into 

account the type of the relevant fuel and the prevailing ventilation conditions. With regard to 

the type of fuel, a distinction is made between cellulose, two groups of synthetics and 

halogenated plastics. It should be noted that conservative smoke yields were chosen due to 

the high diversity of different plastics. For this reason, it is advisable to determine the smoke 

yields as far as possible in accordance with point 1. Similarly, when calculating the smoke 

density DL, empirical data for the mass optical density Dm or the mass-specific extinction 

coefficient Km should be used explicitly, since the associated measurement process is based 

directly on the obscuring properties of fire smoke. 

The smoke yields listed below are from reference [8.27]. The following substances were used 

for the substance groups cellulose, synthetics A and B and halogenated plastics. 

Cellulose:   Wood or paper 

Synthetics A:   Polyethylene (PE) 

Synthetics B:   Polystyrene (PS) 

Halogenated plastics:  Polyvinyl chloride (PVC) 

For mixed fire loads, mean values can be calculated from the above-mentioned substance 

groups. 
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Table 8.4 contains the yields of carbon dioxide (CO2), carbon monoxide (CO) as well as the 

yield of smoke particles (soot) and the effective heat of combustion for the above-mentioned 

categories of substances. A distinction is made between fuel controlled and ventilation 

controlled fire conditions. 

Flammable liquids can be classified either as cellulose-containing fire products (e.g., alcohols), 

synthetics A (e.g., alkanes) or synthetics B (e.g., aromatics), depending on the respective 

category. 
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Table 8.4 Yields and effective heat of combustion for representative substance categories 

Ventilation 

conditions 

Substance 

group 
hu,eff [kJ/g]1 YCO2 [g/g] YCO [g/g] YRuß [g/g] 

fuel 

controlled 

cellulose 12.0 1.30 0.004 0.015 

synthetics A 30.5 2.76 0.024 0.060 

synthetics B 27.4 2.33 0.060 0.164 

halogenated 

plastics 
11.5 0.46 0.063 0.172 

ventilation-

controlled2 

cellulose 12.0 0.91 0.145 0.028 

synthetics A 30.5 1.78 0.459 0.098 

synthetics B 27.4 1.50 0.137 0.331 

halogenated 

plastics 
11.5 0.32 0.500 0.237 

Smoke yields for the narcotic smoke component hydrogen cyanide (HCN) must be taken into 

account in the presence of nitrogen-containing fire loads, such as polyurethane, nylon or 

acrylonitrile-butadiene-styrene (ABS). These smoke yields can be taken from the literature, 

e.g. [8.22], [8.27], [8.28], or estimated on the basis of the following relationship: 

Fire loads with < 2 % nitrogen content:  YHCN / YCO = 1 / 52 

Fire loads with > 2 % nitrogen content:  YHCN / YCO = 1 / 13 

For fire loads with > 2 % nitrogen content, the main contribution of toxicity is made by hydrogen 

cyanide. At mass fractions significantly above 2 % nitrogen, even higher HCN yields are 

sometimes observed, so that the ratio YHCN / YCO = 1 / 13 is no longer conservative [8.28]. 

With the help of the relationship (8.3) and Km = 8.7 m2/g (reference value for mixed fire loads), 

the smoke potentials Dm in the table 8.4 are between 0.06 m2/g and 0.65 m2/g (fuel controlled) 

or between 0.11 m2/g and 1.25 m2/g (ventilation controlled). These values are predominantly 

consistent with empirical data [8.5], and in the case of PVC even clearly conservative. 

 

  

                                                           

1 A combustion efficiency of χ = 0.7 was selected to determine the effective calorific value. 

2 A global equivalence ratio of = 2 was chosen for the application of the calculation methods for 
determining the smoke yields in ventilation-controlled fires according to [8.27]. For fuel controlled fires, 

 << 1 applies. 
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9  COMPUTATIONAL CROWD FLOW ANALYSIS 

9.1 Introduction 

Life safety is the main priority of fire protection and firefighting. In order to reliably optimise the 

necessary structural, technical and organisational measures, the search for performance-

based solutions is increasing in practice. Thus, not only the spread of smoke and heat, but 

also the respective type of use, number of occupants, individual characteristics and 

behavioural options should be considered in order to determine the necessary fire protection 

measures. 

Evacuation is understood to be the abandoning of an endangered area. In case of a fire, it 

includes the phase of self-rescue and assisted rescue. As the corresponding evacuation 

models are not usually limited to the evacuation process but can also deal with everyday 

scenarios (e.g., the admission situations at an event), the terms “crowd flow model” and “crowd 

flow analysis” are generally used. 

An essential requirement for the planning of fire protection measures is that the time required 

for successful self-rescue of the persons (required egress time) is less than the time during 

which the exposure to smoke and heat propagation remains within acceptable limits (available 

egress time). Furthermore, the crowd flow analysis should ensure that the other conditions of 

the evacuation process do not lead to situations that could increase the risk to persons (e.g., 

high density of persons). Corresponding crowd flow models are now available, in graded 

complexity, in the form of calculation methods and computer-supported simulation models for 

use in practice. 

9.2 Calculation of egress times 

For each section of a building, the basic principle applies that the required safe egress time 

(RSET) must be less than the available safe egress time (ASET): 

RSET < ASET (9.1) 

Safety factors should be taken into account, which cover the uncertainties in the selection of 

suitable fire scenarios and performance criteria as well as appropriate evacuation scenarios. 

These can be considered implicitly by choosing sufficient conservative initial and boundary 

conditions for the scenarios to determine the required and available evacuation time. This 

includes the selection of fire scenarios according to Chapter 4 in connection with the 

performance criteria according to Chapter 8 as well as the boundary conditions of a crowd flow 

analysis as listed in this chapter, such as the determination of the population (number, 

distribution, mobility parameters) and the choice of escape routes.  

Alternatively, an explicit safety factor for RSET can be introduced by the methods of the safety 

concept described in Chapter 10. 

The required evacuation time RSET is composed of the time interval tdetection from the beginning 

of the fire (usually the zero time of a time-dependent design fire) until the fire is detected, the 

time interval talarm from detection until the alarm is triggered, a pre-evacuation time tpre from the 
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triggering of the alarm until the beginning of the escape movement and the time tmove from the 

beginning of the escape movement until a safe area is reached, 

RSET = tdetection + talarm + tpre + tmove 9.2) 

 

tmove may also include assisted rescue. Microscopic models are able to determine the 

movement time tmove or respectively the escape time tescape = tpre + tmove consistently from the 

individual movement of all persons involved. Macroscopic models calculate tmove as a 

superposition of the time tpath required to cover the escape path and the time tpassage required to 

pass through the bottlenecks of the egress path. 

9.3 Pre-movement time 

The pre-movement time (also called “delay time to start”) covers in an implicit way various 

effects and behavioural patterns, in particular 

 The time until the alarm is perceived, 

 the time to interpret the perception, and 

 the time for actions that do not serve the immediate escape (examination of the 

surroundings, firefighting, warning or searching for persons, etc.). 

The pre-evacuation time depends mainly depends on people’s alertness (awake / asleep), 

their familiarity with the building, the quality of the alarm system, the complexity of the building 

and the quality of the fire safety management. For a quantitative determination, verifiable 

empirical data (e.g., from unannounced evacuation exercises) for the object to be evaluated 

or comparable utilizations can be used. If no such explicit a general data is available, they can 

be determined on a general empirical basis using the categorization proposed by Purser [9.1]. 

 

 

Figure 9.1 Schematic representation of a typical pre-movement time distribution 

The individual pre-movement times within a group of people typically follow a distribution as 

shown schematically in the Figure 9.1. 
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Within a certain interval of time relative to the triggering of the alarm, the first people start to 

move. From this point on, the number of people who start to escape increases steeply, reaches 

a maximum and then slowly decreases. The distribution of the pre-evacuation time is thus 

made up of two components: the actual distribution function (approximately described by a 

logarithmic normal distribution) and a time offset of this distribution function relative to the time 

of the alarm. The time interval between the alarm and the beginning of the rise (the beginning 

of the individual pre-movement time) can be characterized by the 1 percentile t1 of the pre-

movement times of the escaping persons in a sample, the time interval from the beginning to 

the end of the pre-evacuation time by the 99 percentiles Δt99 of the distribution relative to t1, so 

that the individual pre-evacuation time is between Δt1 and Δt1 + Δt99. 

t1 and t99 depend on various influencing factors. The most important of these factors can be 

identified by categorising them according to the typical use of the building and some basic 

personal characteristics associated with it (Table 9.1). Other significant influencing factors 

such as the alarm system (Table 9.2), building complexity (Table 9.3) and fire safety 

management (Table 9.4) are considered through appropriate subcategories. These 

subcategories are each structured in three levels, with Level 1 representing the most 

favourable case (in terms of pre-evacuation time) and Level 3 the most unfavourable case. 

  

Table 9.1 Categories for defining pre-evacuation times 

Category Alertness Familiarity Density Type of uses 

A awake familiar low Office, industrial 

B awake unfamiliar high 
Shops, restaurants, 

assemblies 

C(a) asleep familiar low Dwelling 

C(b) 
managed 

occupancy 

managed 

occupancy 
low Residential (managed) 

C(c) asleep unfamiliar low Hotels, hostels 

D medical care unfamiliar low Residential (institutional) 

E transport unfamiliar high Traffic facilities 

 

Table 9.2 Alarm system 

A1 Automatic detection system with immediate alerting of the affected areas 

A2 
Automatic detection system with immediate alarm of a control centre and 

subsequent alarm of the affected areas 

A3 No or only local fire alarm 

 

Table 9.3 Building complexity 

B1 

 

Simple, predominantly rectangular structure, single storey, few rooms or 

partitions, simple floor plan with exits in line of sight, short distances, suitable 

arrangements for exits leading directly to the outside (e.g., a simply structured 

supermarket) 
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B2 
Simple floor plan with several rooms (also multi-storey), construction mainly 

corresponds to prescriptive specifications (e.g., standard office building) 

B3 Large and complex building  

  

Table 9.4 Fire protection management 

M1 

 

 

 

Staff and residents are well trained in fire safety. There are floor wardens, a 

well-developed emergency plan and regular drills. A high ratio of trained staff 

to visitors. An independent certification and regular audit of the system and 

procedures are necessary. A PA system is installed in areas used by the 

public. 

M2 
Similar to M1, but with a lower proportion of trained staff. Floor wardens are 

not required. 

M3 Fire safety management in line with the basic minimum standard. 

Pre-movement time Δt1 (start time) and Δt99 (time spread of the individual pre-evacuation time) 

obtained from empirical data (evacuation exercises and real fire events) are compiled in Table 

9.5 for categories A to C and the corresponding subcategories. Not all theoretically possible 

combinations of main category and subcategory are present in the Table 9.5, as some 

combinations are mutually exclusive. For example, an alarm system of Level A3 is not 

compatible with a fire safety management system of Level M1 or M2. Only a comparatively 

small amount of data was available for the determination of the time values quoted in brackets 

in the Table 9.5, so that these data are subject to a higher degree of uncertainty. 

Table 9.5 Pre-evacuation times 

Scenario (main and subcategories) t1 [min] t99 [min] 

Category A: awake and familiar   

M1     B1 - B2     A1 - A2 0.5 1 

M2     B1 - B2     A1- A2 1 2 

M3     B1- B2      A1- A3 (> 15) (> 15) 

B3: add 0.5 min to t1 because of more difficult orientation   

Category B: awake and unfamiliar   

M1     B1     A1- A2 0.5 2 

M2     B1     A1- A2 1 3 

M3     B1     A1- A3 (> 15) (> 15)) 

Scenario (main and subcategories) t1 [min] t99 [min] 

B2: add 0.5 min to t1 because of more difficult orientation   
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B3: add 1.0 min to t1 because of more difficult orientation   

Category C(a): sleeping and familiar   

M2     B1     A1 (5) (5) 

M3     B1     A3 (10) (> 20) 

Category C(b): Assisted living facilities   

M1     B2     A1- A2 (10) (20) 

M2     B2     A1- A2 (15) (25) 

M3     B2     A1- A3 (> 20) (> 20) 

Category C(c): sleeping and unfamiliar   

M1     B2     A1- A2 (15) (15) 

M2     B2     A1- A2 (20) (20) 

M3     B2     A1- A3 (> 20) (> 20) 

B3: add 1.0 min to t1 because of more difficult orientation   

  

9.4 Crowd flow models 

 General information 

As in the case of the compartment fire models, very different methods modelling crowd flow 

exist - from simple hand formulas to complex computer-aided simulation models. Two main 

groups can be distinguished: 

 Flow models (macroscopic flow models) - including network models, and 

 Individual models (microscopic models). 

The flow models (macroscopic models) essentially describe the directional movement of a 

crowd. They can be further subdivided into simplified calculation approaches for capacity 

analysis as well as procedures which also approximately take into account the dynamics of the 

movement of a larger crowd. These methods are limited to the elements of the escape route 

that are characteristic for the movement of a continuous crowd flow. The calculation steps are 

thus generally clear and easy to understand. Common to the flow models are the following 

basic assumptions [9.2]: 

 As a rule, all persons within the crowd start the evacuation at the same time. 

 There are no interruptions in the crowd flow that develops with the start of the 

evacuation (e.g., through individual decisions to act). 
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 Individual mobility parameters of the members of the crowd are not considered, 

they are only included via averaged values (e.g., speed of the flow).  

These basic assumptions, together with the necessary simplifications, must be considered in 

an appropriate manner (e.g., by suitable safety margins or special boundary conditions [9.2]), 

especially for the simpler flow models (capacity analysis approaches).  

The individual models (microscopic models) describe the movement along individual paths. 

According to the representation of building geometry or traffic area they can be divided into 

spatially discrete (cellular automata) and spatially continuous models. By simulating the 

movement of individual persons in an environment that is as close to reality as possible, 

individual influences on the efficiency of the evacuation are more strongly emphasized and 

restrictions of the flow models are removed. 

 Estimation of egress times through capacity analysis 

These calculation approaches are based on relations that describe the capacity of a route 

element (exit, staircase or corridor) as a function of its width and, if necessary, other 

parameters (e.g., step dimensions). 

Basic input variables for the application of capacity analyses are the path length L and escape 

route width B as well as the horizontal speed V and the specific flow Fs. The variables V and 

Fs characterize the coherent crowd flow for the type of route element (e.g., corridor, bottleneck, 

staircase). The crowd speed V is thus different to the unimpeded plane walking speed of an 

individual person, which plays an important role in individual models (see Chapter 9.4.4). 

The crowd density D changes over time depending on the location. However, since the density 

cannot be calculated directly but can only be estimated by engineering expertise, the 

calculation of egress time by means of capacity analysis usually only refers to average crowd 

densities typical for a given scenario. The SFPE Handbook of Fire Protection Engineering [9.3], 

based on Fruin's "Level of Service" concept [9.4], distinguishes between four crowd conditions, 

each assigned to a certain density range: minimum (D < 0.5 P./m2), moderate (D  1 P./m2), 

optimum (D  2 P./m2), crush (D  3 P./m2). 

For the calculation of evacuation times, in which the escape route or exit widths are a 

significant design factor due to the possibility of congestion, only the options "moderate" 

(moderate) or "optimum" (optimum), which are also empirically best founded, are generally to 

be used. The "crush" option refers to special hazardous situations, e.g., necessary exits that 

cannot be used or emergency situations that are not related to a fire event (hooliganism, 

terrorist attacks) and is therefore generally not suitable for the design of escape routes. The 

"minimum" option describes person densities below 0.5 p./m2, i.e., the situation of largely 

unimpeded movement.  

In practice, at least two values should be used, both "moderate" (moderate) or "optimum" 

(optimum), to obtain a range of results. Table 9.6 shows values of the average horizontal 

velocity V and the specific flow Fs for moderate and optimum conditions. It should be noted 

that the underlying data show considerable fluctuations. Besides the values presented here, 

values from other sources (e.g., Weidmann [9.5] or Predtetschenski and Milinski [9.6]) can be 

derived for different densities (see Chapter 9.4.3). 
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Table 9.6 Horizontal speed and specific flow for certain route elements [9.3], converted into 

SI units 

Route element Speed V Passenger flow Fs 

Stairway (moderate density) 0.6 m/s 0.8 P./sm 

Stairway (optimal density) 0.5 m/s 1.0 P./sm 

Corridor, opening (moderate density) 1.0 m/s 1.1 P./sm 

Corridor, opening (optimal density) 0.6 m/s 1.3 P./sm 

Exit, doors (moderate density) 1.0 m/s 0.9 P./sm 

Exit, doors (optimal density) 0.6 m/s 1.4 P./sm 

For stairs, the Table 9.6 shows the effective horizontal component of the speed V, which is 

slowed down compared to the plane walking speed. Accordingly, the path length specifications 

for stairs refer to the horizontal path length (floor plan representation). The specific flow Fs 

indicates how many people can pass through a route element per unit of time and width. The 

type of the route element should be considered as a boundary condition. The movement time 

tmove now results from the larger of the time for covering the escape path tpath or the time for 

passing the way element with the lowest capacity for passage tpassage, 

𝑡move = 𝑚𝑎𝑥 {
𝑡passage

𝑡path
  (9.3) 

for an element of the egress path characterized by index i, the time for traveling is given by 

tpath,i = Li / Vi, (9.4) 

and for the passage of this route element by a number of persons N  

tpassage,i = N / (Fs,i ∙ Bi)  (9.5) 

For the calculation of a movement time including several path elements, the path element with 

the minimum capacity (the minimum flow) should first be determined. The movement time then 

results either from the longer of the two times for covering the maximum distance or for the 

passage of the route element with the minimum capacity added to the time for travelling the 

minimum distance of this egress path element: 

tmove = max (Σmax path Li/Vi; Σmin path Li/Vi + N / min (Fs,i ∙Bi))  (9.6) 

Similar approaches based on crowd velocity and flow limits can be found in [9.30] and in 

guidelines for specific applications e.g., NFPA guideline 130 "Standard for Fixed Guideway 

Transit and Passenger Rail Systems". 

A conservative estimation is obtained if in equation (9.6) the minimum distance is replaced by 

the sum of the times for the travel of all path elements, but for the passage time 
𝑁

(𝐹𝑠⋅𝐵)
 only the 

one for the single route element with the longest passage time is used. This concept can be 

extended to divided and merging egress paths by assigning appropriate portions of the total 

occupant number N being part of the respective crowd flows. For more complex scenarios, 

however, the use of a dynamic flow model (see Chapter 9.4.3) or a microscopic analysis (see 

Chapter 9.4.4) is recommended so that changes in the density of persons and temporal 

superposition effects along the escape route can be detailed consistently. 
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Extending the basic case considerations, distributed pre-movement times can also be 

considered for estimating the escape time, whereby the equation (9.6) is extended as follows: 

tmove = Δt1 + max (Σmax path Li/Vi; Σmin path Li/Vi + max (Ni / (Fs,i ∙Bi); Δt99)) (9.7) 

 Macroscopic dynamic flow models 

Within the framework of the flow models, empirically derived correlations between velocity V 

and density D (fundamental diagrams) can be used to describe the effects of a crowd density 

changing locally and time-dependent. This leads to the group of dynamic flow models, which 

also permit the analysis of merging flows. 

Different fundamental diagrams to be applied in evacuation analysis have been published from 

various research projects. With a few exceptions, these fundamental diagrams generally show 

a monotonically decreasing velocity V with increasing crowd density, based on various 

functional dependencies V(D) (see Figure 9.2).  

 

Figure 9.2 Exemplary presentation of fundamental diagrams for horizontal route elements 

([9.2], [9.5] and [9.6]) 

In the Figure 9.2 above, the crowd density is assigned to the Levels of Service according to 

Weidmann [9.5] including the conditions free movement, restricted traffic and congestion. In 

terms of the definition of congestion (see chapter 9.6), this assignment is consistent with his 

fundamental diagram [9.5] and that published in the SFPE handbook [9.2]. Other fundamental 

diagrams such as Predtetschenski and Milinski [9.6] forecast congestion according to this 

definition at other crowd densities. The representation via the fundamental diagram thus 

illustrates the transition between free flow and congestion: At the turning point of the flow curve, 

the system is at maximum capacity. Higher densities lead to an overload and result in a 

reduced flow, and thus in a congestion. It should be noted that, in addition to the fundamental 
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diagrams listed here, many other characteristics exist, depending on the composition of the 

population: They all have in common, however, that from a certain density onwards the turning 

point is reached and the system goes into a state of congestion. 

Within the framework of the effective width model, the simplest version is derived on the basis 

of empirical data, i.e., a linear functional dependence of speed V and crowd density D [9.2], 

𝑉 = 𝑘 − 𝑎 ⋅ 𝑘 ⋅ 𝐷 . (9.7) 

The specific passenger flow Fs is obtained by multiplying speed and density, 

𝐹𝑠 = 𝑉 ⋅ 𝐷 . (9.8) 

The constants a = 0.266 m2/P. and k (see Table 9.7) are determined empirically. The range of 

validity of (9.7) is specified as 0.5 P./m2 < D < 3.7 P./m2. Most of the empirical data are relatively 

broadly scattered in a density range between 1 P./m2 and 2 P./m2. This means that the linear 

relationship postulated in relation (9.7) between V and D is not unique. A compilation of 

different correlation functions for the density dependence of V or Fs including non-linear 

dependencies can be found in [9.5]. When using (9.7) should be noted that the values given 

here for the constants a and k are assigned to a certain ("typical") composition of the 

population. If you want to describe a different population (especially those with other mobility 

parameters such as persons with luggage), the constants should be adapted. This requires 

the availability and analysis of corresponding data and thus sometimes causes considerable 

difficulties in practice. 

Table 9.7 Speed constant k for specific route elements [9.2] 

Route element Constant k 

Corridor, ramp, doorway 1.40 m/s 

Stairs  

 - Step height 19.1 cm / step width 25.4 cm 1.00 m/s 

 - Step height 17.8 cm / step width 27.9 cm 1.08 m/s 

 - Step height 16.5 cm / step width 30.5 cm 1.16 m/s 

 - Step height 16.5 cm / step width 33.0 cm 1.23 m/s 

If one inserts (9.7) in (9.8), a quadratic dependence of D results for Fs, with a maximum at a 

crowd density of 1.9 P./m2. This corresponds to the optimal load factor, which is often used in 

manual calculations. 

With the help of the equations (9.3) to (9.8) and additional rules (partly derived directly from 

the flow model, partly based on additional assumptions regarding the distribution of persons 

and the splitting and merging of flows), systems of equations can be set up which in simple 

cases can still be solved by hand, but generally require the use of spreadsheet or special 

computer softwares. 

Another example of a dynamic flow model is the method developed by Predtetschenski and 

Milinski [9.6]. An essential component of this calculation method is a collection of empirically 

derived correlation functions, which indicate the density dependence of the velocity V, 

separately for the individual route elements (horizontal path, doorway, staircase up, staircase 

down) and types of movement (danger, normal, comfort), in the density range from close to 0 

up to an empirically founded maximum density Dmax (see Figure A2.37 in the appendix). This 
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makes it possible either to determine the velocity V (and thus at the same time the specific 

flow (here called intensity of movement q) for a known density D or, conversely, to determine 

a corresponding density and the associated velocity for a known value of q. By introducing the 

individual body surface f projected onto the walking plane in the definition of the density, a 

higher degree of flexibility is achieved compared to the hand calculations described above. 

The method is supplemented by equations describing escape routes other than the level ones 

and the process of congestion formation and decongestion. 

The method of Predtetschenski and Milinski can be used if the characteristics of the escape 

routes allow the formation of a crowd flow of uniform density. In elongated geometries (e.g. 

escape routes in tunnels), the method can only be used in a modified form because it does not 

take into account the change in the density of persons over the length of the crowd [9.29].  

Network models represent the next step in the expansion of the hydraulic approach. Here, the 

route elements critical for the flow are represented as nodes of a connected system, which 

contains the necessary information on the length and width of the escape routes. As the egress 

capacity of the bottlenecks and merging points is determined through empirical relations for 

the density dependence of the specific flow, these methods should be assigned to the hydraulic 

models. They provide the opportunity, however, to consider certain aspects of individual 

movement (e.g., mobility restrictions or egress route choice). 

 Individual models 

When using individual models (microscopic models), in contrast to macroscopic flow models, 

it is generally not necessary to specify the density dependence of the walking speed. This 

fundamental correlation, which has a significant influence on egress time, is here rather a result 

of the modelling of elementary individual motion sequences.  

The main input variables are the building or terrain model (either three-dimensional or in the 

form of two-dimensional walking surfaces that are spatially connected) and the individual 

characteristics. The latter are described by so-called populations. Populations are 

characterised by distribution functions for the individual mobility parameters and other 

parameters to describe individual behaviour (e.g., with regard to the choice of escape routes). 

The most important factors here include individual space requirements, individual pre-

evacuation time and individual unimpeded walking speed. 

There are two types of individual models: spatially discrete and spatially continuous models. 

In spatially discrete models, the accessible areas are covered by a grid of cells. The individuals 

then move from cell to cell, depending on their own goal and influenced by the movement of 

adjacent persons. The grid structure can lead to restrictions with respect to the representation 

of the individual mobility parameter (body size, walking speed) and in modelling individual 

movement. In principle, the maximum representable occupant density is limited by the cell size 

and fine-grained geometries can be represented less accurately. 

In the room-continuous models, the accessible area is only limited by the actual enclosure 

components and obstacles. In addition, the persons are not limited in their body dimensions 

by a cell structure. In order to model individual collision avoidance, it is necessary to check for 

obstacles and other persons at a possible contact distance in each time step of the calculation. 

Continuous models therefore offer a high degree of flexibility, but usually require a higher 
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computational effort. In addition to decision-based approaches that mimic the step behaviour 

of people (e.g., the Optimal Steps Model), continuous space models also include force-based 

social force models, in which the movement modelling is determined by the surrounding people 

and the pressure exerted by them. 

Most individual models contain the possibility to randomly determine certain individual 

decisions in the course of the simulation in addition to the initial distribution of persons. Thus, 

if the same scenario is calculated several times, different results are obtained, the variance of 

which can provide information about hidden optimization potential. In addition, the most 

unfavourable results can be directly included in the safety analysis, thus avoiding otherwise 

necessary, but difficult to quantify, safety margins on average or optimistic egress times. 

Typical representatives of spatially discrete individual models are buildingEXODUS [9.10], or 

PedGo [9.11]. The simulation softwares ASERI [9.12], SIMULEX [9.13], crowd:it [9.35], 

Pathfinder [9.36] and FDS+EVAC [9.37] follow a continuous approach. A comprehensive 

overview of currently available personal flow models can be found at 

www.firemodelsurvey.com. 

 Model selection and application principles 

To be practicable for the elaboration or assessment of a safety concept, an efficient and 

profound evacuation model should contain the following properties: 

 It should be possible to consider the building geometry in all details important for 

the evacuation process. 

 Restrictions with regard to possible escape routes should be avoided as far as 

possible, so that the evacuation of areas with large open spaces (halls, assembly 

rooms without fixed seating, exhibition centres, distribution levels in stations, 

airports or stadiums, etc.) can also be dealt with in a workable manner. 

 The individual characteristics directly influencing the evacuation process, in 

particular the mobility characterised by individual space requirements and 

unimpeded walking speed, should be taken into account. 

 If necessary, the dynamic propagation of smoke, toxic combustion products 

(especially CO, CO2 and HCN and, if applicable, oxygen depletion) and heat 

effects must be taken into account when calculating evacuation times (restricted 

visibility, critical concentration values, dose-effect relations). Possible effects may 

include disorientation, reduction of walking speed, turn-back behaviour, and 

complete blockade of building sections. A reduction in walking speed begins 

when visibility is reduced to about 5 m. In this range, an increasing turn-back 

behaviour in the presence of smoke is also to be expected [9.32]. 

 The determination of the individual escape route should allow the analysis of 

escape route alternatives. 

An assessment of suitable egress times is obtained by an appropriately conservative choice 

of scenarios. This can be done within the framework of a risk assessment using the methods 

described in Chapter 10. In addition to the geometry of the building, the definition of scenarios 

requires at least information regarding the number of occupants and their distribution, as well 
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as any individual mobility parameters. The calculation parameters (e.g., moderate instead of 

optimal density regime in the capacity analysis) must be varied to assess the robustness of 

the result. 

Microscopic models are particularly suitable for escape route situations in which a certain 

direction of movement of persons is not predetermined by geometrical conditions or by the 

movement pattern of a crowd, so that individual decisions and movements will likely occur. 

The use of computer-aided individual models requires great care in the selection of the variety 

of possible simulation parameters. Here, the model developers have to provide a detailed and 

comprehensive validation and documentation, so the user has access to all information 

required for a solid computational evidence. The advantages of the individual models lie in the 

better recording of the dynamics of an evacuation process, especially in the case of complex 

geometries with merging flows. Furthermore, even in a flow model such as that of 

Predtetschenski and Milinski, an inhomogeneous group of people is ultimately only described 

by averaged movement parameters, whereas in reality a homogeneous group of people moves 

faster than a heterogeneous group of people with the same average parameters. The slowing 

down of the flow of people due to overtaking processes that take place can only be detected 

with an individual model. When applying flow models, this must be taken into account in 

selecting appropriate fundamental diagrams. Curves or corners in the course of an escape 

route or the influence of the direction of the flow on doors or stairs can only be considered with 

flow models by means of empirical factors. With individual models, these influences are 

implicitly considered via the interaction of the individuals among each other and with the 

surrounding geometry. Finally, once the geometry has been created, parameter studies can 

be carried out and visualised more easily. 

As an aid to model selection, the properties and possibilities of the model classes are given in 

the Table 9.8. 

Table 9.8 Model properties to assist in model selection 

 Macroscopic Microscopic 

Capacity 

analysis 

 

Dynamic flow 

models 

Spatially 

discrete 

models 

Spatially 

continuous 

models 

Significance: 

Escape time or 

movement time 

Yes Yes Yes Yes 

Congestion (Where 

does a congestion 

occur) 

Restricted Yes Yes Yes 

Density at 

congestion 

No No  

(set) 

No (limited 

by cell 

size) 

Restricted 

Congestion size 

(number of people in 

the congestion) 

No Yes  Yes  Yes 
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Congestion time 

(duration of 

congestion) 

Restricted Yes Yes Yes 

Individual waiting 

time 

No Restricted Yes Yes 

Extent of congestion  No Restricted 

(prescribed 

density) 

Restricted 

(depending 

on cell 

size) 

Restricted 

(depending on 

individual space 

requirements 

and density) 

Representation: 

Escape routes Sectionalized 

with constant 

properties 

Sectionalized 

with constant 

properties 

by fixed 

cell size 

Continuous 

(exact) 

Walking speed and 

individual 

characteristics 

Homogeneous 

and averaged 

Usually 

homogeneous 

and averaged 

Individual Individual 

Merging of flows No Yes Yes Yes 

 

 Validation 

When using a crowd flow model as a quantitative verification method within the scope of fire 

protection engineering, the same fundamental requirements apply with regard to validation and 

documentation as they do for the models for calculating the spread of smoke and heat. The 

following can be used for a validation 

 Comparison with evacuation experiments, 

 Comparison with evacuation exercises, 

 Comparison with real evacuation events, or 

 Comparison with other sufficiently validated calculation methods. 

In order to be able to include certain aspects of individual behaviour (e.g., pre-movement time 

or choice of escape route) in the validation process, comparisons with unannounced 

evacuation drills or the evacuation of assemblies after major events are particularly qualified - 

due to the lack of suitable data from real fire events. For example, various macroscopic and 

microscopic models have been validated on the basis of several evacuation exercises in high-

rise office buildings conducted by the Research Center for Fire Protection Technology [9.7], 

[9.16], [9.17] for this specific application area. 

9.5 Behavioural aspects 

 General information 

Individual behaviour in the event of a fire can have effects in all phases of evacuation which 

influence – and in certain circumstances considerably increase – the overall egress time. The 

behaviours and actions previously summarized under the term " pre-evacuation time" can 

usually be lumped together when calculating egress times (i.e., by an additive time interval as 
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in relation Chapter 9.2 - on an individual or global level). Special cases that might require a 

more detailed analysis of this early phase of the evacuation are, for example, relevant changes 

in the initial distribution of people in the building within the pre-evacuation time (e.g., during the 

information search phase). 

 Choice of escape route 

The calculation of egress times always requires information on the allocation of persons to the 

available escape routes within the framework of scenario definition. For the macroscopic 

models presented in Chapter 9.4.2 and 9.4.3, it is sufficient to specify the number of persons 

passing through a route element or exit. In the case of the microscopic methods (Chapter 

9.4.4), the individual route must be determined, either by explicit specification or by implicit 

rules of movement or behaviour. Only with these individual models is it possible to explicitly 

consider individual behavioural aspects when choosing an escape route. 

In a situation where evacuees have a choice between two or more routes at any given point 

along the way, the individual allocation of persons to these alternative escape routes should 

be made by evaluating the attraction of each option. It should be noted here that an optimized 

load distribution (in the sense of a minimum overall escape time) constitutes an ideal condition 

that can hardly been achieved in practice. The amount of information available for a route 

choice decision should be considered and how this information can be processed in the actual 

environment (familiarity with the building, experience of similar situations, social influencing 

factors etc.). There are four main criteria here for the selection of escape routes [9.15]: 

knowledge of each escape route, frequency in daily use, shortest distance to an exit and 

perception of smoke. In addition to general knowledge of surroundings (familiarity), knowledge 

of the route includes the existence and quality of escape route signs and where necessary an 

information system, as well as the influence of personnel and operational units, which is of 

special significance in actual practice. In addition to the length of the escape route, its 

subjectively perceived quality (width, evenness, complexity, and lighting) also plays an 

important role. A difference should also be made in each situation as to whether the evacuees 

are facing an unclear hazard situation or are fleeing from a specific, direct danger. In the former 

case, the length of the entire escape route until the building can be exited tends to be decisive 

(globally shortest route), and in the latter instance the length of the route until the next available 

exit from the endangered room or area (locally shortest route). Other influencing factors are 

the properties of the emergency exits (doors open or closed, direct access to outdoor areas) 

and the behaviour of other persons in the vicinity. 

An additional aspect of escape route selection, which is particularly important for buildings 

occupied by a large number of people or a high density of people, is individual behaviour in 

the event of congestion. This leads to the question under which conditions alternative escape 

routes, if any, are accepted to avoid congestion or to reduce the respective waiting time. 

Unfortunately, there is currently still too little empirical data available to comprehensively 

quantify these qualitative attractiveness criteria. It is therefore usually necessary to estimate 

possible variances in the utilisation of escape routes based on the above criteria and to 

investigate their effects by means of a sensitivity analysis. Basic questions of mathematical 

implementation as well as application limits of various computational methods were examined 

in more detail e.g., in [9.33]. 
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 Behaviour in case of immediate danger 

With regard to the term "panic", which is often brought into the discussion, the following should 

be noted. "Panic" is used in very different meanings. Events that meet a strictly scientific 

definition of this phenomenon have no causal connection with the evacuation of buildings. On 

the other hand, the term "panic" is very often used, particularly in the media, without the 

necessary differentiation, to describe or explain incidents involving personal injury in 

congestions or moving crowds. Without a more detailed analysis of the actual course of events, 

however, such reports are not suitable for more far-reaching conclusions. 

In fact, experts in the field of human behaviour repeatedly emphasise the predominantly 

hesitant or helpful behaviour towards the often claimed dominant selfish or irrational behaviour 

in the event of fire [9.8], [9.9], [9.20]. Often the local occurrence of extremely high occupant 

densities, in which serious injuries or even deaths can occur, is wrongly described by the term 

"panic". If we look at real events of this kind, they result either from situations in which a rapid 

spread of fire combined with inadequate design of escape routes (e.g., due to the illegal 

blocking of emergency exits or escape routes that were not adequately dimensioned at all) 

quickly creates an uncontrollable potential for danger, or from situations that are not related to 

a fire (e.g., escape from riot or inflow of people into already crowded areas). The first-

mentioned situation is adequately dealt with by the basic requirement of a performance-based 

design of escape routes (RSET less than ASET and further criteria described in this chapter). 

The avoidance of situations with extremely high local densities shall be ensured by the 

appropriate planning of escape routes and evasion possibilities within the framework of a 

comprehensive safety concept, including, if necessary, appropriate organizational measures. 

The application of crowd flow models should therefore make possible problem situations 

foreseeable and enable the investigation of alternatives. The publications [9.18] to [9.24] 

provide an overview of the current state of knowledge on the behaviour of people in fires. 

9.6 Congestion 

 General information 

In addition to the required egress time as a quantitative performance criterion, the quality of 

the evacuation process also plays an important role. “Quality" here in particular includes the 

development of the local crowd density on the escape routes and the resulting congestion 

situations. Congestion cannot be avoided in principle and does not necessarily lead to hazards 

or individual injury. Depending on the number of persons, the (geometric) boundary conditions 

and the pre-movement behaviour, congestion can form temporarily in the initial phase of an 

evacuation. An example of this is the evacuation process on a grandstand or in a cinema. In 

both cases, the flow of persons must merge at specific points in order to reach an exit. This 

results in very low speeds of movement and at times also in a standstill. Within the continuing 

escape routes however, congestion should be avoided if possible. Congestion in indistinct 

areas is usually unacceptable, since the persons in the congestion are at a significantly higher 

risk of being endangered by people moving along behind them (dynamic pressure). Criteria for 

a safe evacuation process are discussed in [9.31]. In order to further concretise these 

introductory considerations, it is first necessary to define the terms used to describe the 

process of congestion and to show the possibilities and limits of their mathematical 
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implementation. Based on this, criteria for a definition and an evaluation of congestion can be 

developed. 

 Definition of congestion 

A congestion always occurs when an incoming flow of people at a bottleneck exceeds the 

outgoing or maximum possible flow of people for this route element. The formation of 

congestion is always accompanied by a reduction in speed, possibly to a standstill, and usually 

by an increase in the density of people. 

Due to its definition via the magnitude of the flow, a congestion is in principle a macroscopic 

phenomenon, which also has an impact on the movement parameters of individuals. It can 

also be deduced from this definition that a certain minimum number of people is required for a 

congestion to occur. 

For people joining a congestion, there is an additional time requirement compared to a free or 

bound flow of people. 

 Identification of congestion in crowd flow models 

Different criteria can be used to identify congestion. These criteria refer either to the congestion 

as a whole (macroscopic) or to the individuals within the congestion (microscopic).  

Individual criteria (microscopic): 

 Accessible area for individuals (results in occupant density),  

 Speed reduction (local speed significantly lower than desired speed), 

 Time loss, 

 Dwell time in congestions, 

 Distance travelled in congestions. 

Criteria at congestion level (macroscopic): 

 The duration of the congestion from its occurrence to its disbandment, 

 The number of all persons simultaneously involved in the congestion, 

 The location and extent (area) of the congestion, 

 The total number of persons involved in the congestion. 

The variables underlying these characteristic features each have specific advantages and 

disadvantages (see also Table 9.8). For macroscopic calculation models, the macroscopic 

criteria can be used to describe a congestion. Only the flow criterion from the above definition 

is to be used to identify a congestion. 

The following criterion is recommended for microscopic calculations: 

Speed  

In principle, congestion identification based on speed as a characteristic variable can be 

implemented. The ratio to the desired speed or the absolute speed can be used as a relevant 

parameter. As a threshold value the speed V can be used, which is assigned to the maximum 
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specific flow (see also Figure 9.2). As an alternative to a fixed threshold value, it is also possible 

to carry out a calibration for each model using defined scenarios to determine a suitable and 

comprehensible threshold value. 

 Local density 

The local density of people as a criterion for assessing life safety, especially at events with a 

high visitor rate, is discussed in detail in [9.34]. At densities of 3 - 5 P./m2, a temporary local 

standstill in the flow of people can be expected. At higher crowd densities, people can no 

longer escape the hazard area and the pressure waves caused by people pressing after cannot 

be compensated. In this case there is a great and immediate danger for the persons 

concerned. 

In practical application, densities are therefore often used to assess critical situations (see 

comments in Chapter 9.5.3).  

However, it is not advisable to use crowd density in calculation models for congestion 

identification. In macroscopic approaches, the density of people assigned to a congestion area 

is a prescribed value. In microscopic models, the local density of persons can be calculated, 

but there are significant, sometimes systematic, differences between the models with regard 

to the maximum local density of persons that can be represented. This is aggravated by the 

fact that there are different definitions for the density measurement. A consensus on 

standardization would therefore also have to be found here. 

 Assessment of congestion 

In contrast to a jam as a traffic engineering phenomenon, congestion can cause personal injury 

when there is a high density of people. It is therefore relevant to assess the identified 

congestion. However, an assessment can only be made on the basis of available quantities. 

Identifying a significant congestion is the basis for examining a scenario more closely. The 

classification of a significant congestion as critical can only be made under consideration of 

the specific boundary conditions resulting from the specific situation. Criteria for a significant 

congestion are both the prevention of discharge from a critical area and the individual queue 

time. The latter is relevant, since the psychology of the individual plays a role here. However, 

there is a lack of reliable empirical data that could provide a (possibly situation-dependent) 

threshold for the individual queue time. 

9.7 Occupant number 

The occupant number upon which a safety concept or crowd flow analysis is to be based 

depends on the building size (surface area of each storey) and the type of use. Either a crowd 

density adequate with utilization (usually representative of an empirically verifiable peak 

capacity) is multiplied by the related storey area here, or the maximum number of persons for 

which the building is designed (e.g., the maximum number of seats in a stadium) is used 

directly. 

Table 9.9 shows a compilation of crowd densities depending on the type of use on the basis 

of the corresponding guidelines and/or regulations in the USA, UK, New Zealand and 

Switzerland [9.25] to [9.28]. The data collected here on crowd densities sometimes show 
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considerable scattering for identical or similar types of use, with the highest value usually being 

adopted. As some additional differentiations not explicitly shown here (e.g., regarding the 

number of storeys) are also to be found in the original source documents, reference is made 

to the quoted sets of regulations for further details. A comparison of these guidance and 

regulations with the circumstances of real fires is to be found in [9.1]. The reference value is 

the usable net area (area within the inner circumference of the outer walls minus stairways, lift 

systems, sanitary facilities, interior walls etc.). 

Table 9.9 Occupant load for various types of use *) 

Utilization Occupant density [P./m2] 

Stadium, grandstand, theatre, etc.  

- Standing room 5.0 

- Free seating 2.0 

- Fixed seating Number of seats 

- Lobby / Foyer 1.0 

Passages, walkways (when used as place of assembly) 1.4 

Art gallery, Museum 0.25 

Library  

- Reading room 0.2 

- Magazine 0.1 

Exhibition, trade fair 0.6 

Gaming casino 1.0 

Training room, fitness centre  

- with equipment 0.2 

- without equipment 0.7 

Restaurant, pub 1.0 

Bar, club, discotheque 4.0 

School  

- Classroom  0.5 

- Laboratory / practice room  0.2 

Daycare facilities 0.3 

Shops  

- Area (floor) with access at street level 0.5 
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Continued Table 9.9 

- Other floors 0.3 

Shopping market (for large appliances, furniture, etc.) 0.1 

Showroom 0.2 

Use People density [P./m2] 

Office 0.2 

Swimming pool  

- Water basin 0.2 

- Rest and play area 0.35 

*) Note: Since the underlying sources [9.25] to [9.28] tend to provide the highest specific person 
densities, the number of persons may be overestimated, especially in the case of large-scale use 
such as extensive retail outlets. 

  



9  Computational crowd flow analysis  

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 341 / 464 

9.8 Literature 

[9.1] PURSER, D.: Data Benefits. Fire Prevention Fire Engineers Journal, August 2003, 

pp. 21 - 24. 

[9.2] GWYNNE, S.M.V.; ROSENBAUM, E.R.: Employing the Hydraulic Model in Assessing 

Emergency Movement. In: SFPE Handbook of Fire Protection Engineering, Springer 

New York, 5th Ed. 2016. 

[9.3] PAULS, J.: Movement of People. In: SFPE Handbook of Fire Protection Engineering, 

National Fire Protection Association, Quincy, Massachusetts, 2nd Ed. 1995. 

[9.4] FRUIN, J.J.: Pedestrian Planning and Design, Revised Ed., Elevator World Educational 

Services Division, Mobile, AL, 1987.  

[9.5] WEIDMANN, U.: Transporttechnik der Fußgänger, Schriftenreihe des IVT 

(Literaturstudie Nr. 90). Zürich: Institut für Verkehrsplanung und Transporttechnik, 

Straßen- und Eisenbahnbau, ETH Zürich, 1993. 

[9.6] PREDTETSCHENSKI, W. M.; MILINSKI, A. I.: Personenströme in Gebäuden – 

Berechnungsmethoden für die Projektierung, Staatsverlag der Deutschen 

Demokratischen Republik, Berlin, 1971. 

[9.7] KENDIK, E.: Die baulichen Rechtsnormen in Bezug auf die Bemessung der 

Fluchtwege in Gebäuden. vfdb-Zeitschrift 2 / 86, S. 48 - 54. 

[9.8] FAHY, R.F.; PROULX, G.: 'Panic' and human behaviour in fire, National Research 

Council Canada NRCC-51384, July 13, 2009. 

[9.9] KÜNZER, L.: Myths of Evacuation, FeuerTRUTZ International 1.2016, Seite 8-11. 

[9.10] GWYNNE, S.; GALEA, E. R.; LAWRENCE, P. J.; FILIPPIDIS, L.: Simulating Occupant 

Interaction with Smoke Using buildingEXODUS. 2nd International Symposium on 

Human Behaviour in Fire, Boston, MA, 26. - 28. März 2001. 

[9.11] KESSEL, A.; KLÜPFEL, H.; WAHLE, J.; SCHRECKENBERG, M.: Microscopic 

Simulation of Pedestrian Crowd Motion. Tagungsband International Conference on 

Pedestrian Evacuation Dynamics (PED), 4. - 6. April 2001, Duisburg. 

[9.12] SCHNEIDER, V.; KÖNNECKE, R.: Simulation der Personenevakuierung unter 

Berücksichtigung individueller Einflussfaktoren und der Ausbreitung von Rauch. vfdb-

Zeitschrift 3 (1996), S. 98 - 109. 

[9.13] THOMPSON, P.A.; MARCHANT, E. W.: A Computer Model for the Evacuation of Large 

Building Populations. Fire Safety Journal 24 (1995), S. 131 - 148. 

[9.14] BREIN, D.: Evakuierungskonzepte – Anforderungen, Komponenten, Bewertungen. 

vfdb-Jahresfachtagung, Hamburg, 1997. 

[9.15] MÜLLER, K.: Die Evakuierung von Personen aus Gebäuden – nach wie vor ein 

nationales und internationales Problem. vfdb-Zeitschrift 3 (1999) 131. 

[9.16] SCHNEIDER, V.: Modelle für die Flucht und Rettung von Personen. 9. Internationales 

Brandschutz-Symposium der vfdb, 25. / 26. Mai 2001, München. 



9  Computational crowd flow analysis 

342 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

[9.17] JOHN, R.; SEEGER, P.: Untersuchung der Räumungsabläufe in Gebäuden als 

Grundlage für die Ausbildung von Rettungswegen – Teil III: Reale Räumungsversuche, 

Forschungsstelle für Brandschutztechnik an der Universität Karlsruhe im Auftrag des 

Bundesminister für Raumordnung, Bauwesen und Städtebau, 1978. 

[9.18] PHILLIPS, A. W.: The Effects of Smoke on Human Behavior. Fire Journal. May 1978. 

[9.19] CANTER, D. (Hrsg.): Fires and Human Behaviour. 2. Ed., David Fulton Publishers Ltd, 

London, 1990. 

[9.20] SIME, J.: "The concept of 'panic.'" In D. Canter (Ed.), Fires and human behaviour (2nd 

ed.), David Fulton Publishers, London, pp. 68, 1990. 

[9.21] SCHNEIDER, V.: Verbundprojekt Simulation von Bränden, Lösch- und 

Notfallmaßnahmen – Teilprojekt Brand- und Rauchausbreitung, Evakuierungsmodell. 

BMFT-Abschlussbericht 13 RG 91141, 1994. 

[9.22] STEIN, J.: Verhalten von Menschen bei Bränden, Brandschutz – Deutsche 

Feuerwehrzeitung 4 / 1999, S. 308 - 315. 

[9.23] HELBING, D. ET AL.: Simulation of Pedestrian Crowds in Normal and Evacuation 

Situations. in: Schreckenberg, M.; Sharma, S. D. (Hrsg.): Pedestrian and Evacuation 

Dynamics, Springer, 2002. 

[9.24] BRYAN, J. L.: Behavioral Response to Fire and Smoke. in: SFPE Handbook of Fire 

Protection Engineering, National Fire Protection Association, Quincy, Massachusetts, 

3rd Ed. 2002. 

[9.25] The Building Regulations 2000, Edition 2006 Fire Safety, Approved Document B, 

Volume 2 – Buildings other than Dwelling Houses, 2006 Edition, Department for 

Communities and Local Government. 

[9.26] BUCHANAN, A. H. (Hrsg.): Fire Engineering Design Guide, Centre of Advanced 

Engineering, Christchurch, New Zealand. 2001. 

[9.27] NFPA 101 Life Safety Code, 2000 Edition. 

[9.28] HESS, E.: Neue Kompetenzordnung und flexiblere Brandschutzkonzepte mit den 

neuen „Schweizerischen Brandschutzvorschriften“ VKF, Braunschweiger 

Brandschutz-Tage 2005. 

[9.29] STEGLICH, M.; WILK, E.: Bestimmung der Zeiten für den Ausstieg von Personen aus 

Zugeinheiten und die Verteilung langgestreckter Personenströme im Ergebnis von 

Beobachtungen und Zeitmessungen, Brandschutz Consult - Ingenieurgesellschaft 

mbH, Leipzig, 2002. 

[9.30] BSI British Standards: The application of fire safety engineering principles to fire safety 

design of buildings, Part 6: Human factors: Life safety strategies - Occupant 

evacuation, behaviour and condition, PD 7974-6:2004. 

[9.31] FORELL, B.; KLÜPFEL, H.; SCHNEIDER, V.; SCHELTER, S.: Vergleichende 

Anwendung verschiedener Räumungsmodelle. Tagungsband zur 59. vfdb 



9  Computational crowd flow analysis  

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 343 / 464 

Jahresfachtagung 2011, 30. Mai bis 1. Juni, Berlin, S. 465-493. Online verfügbar unter 

http://www.rimea.de/downloads.html. 

[9.32] PURSER, D. A.: Toxicity Assessment of Combustion Products. in: SFPE Handbook of 

Fire Protection Engineering, National Fire Protection Association, Quincy, 

Massachusetts, 3rd Ed. 2002. 

[9.33] SCHNEIDER, V.: Einfluss der Fluchtwegewahl auf Räumungszeiten und 

Evakuierungseffizienz, vfdb-Zeitschrift 2/2008, Seite 87 - 93. 

[9.34] OBERHAGEMANN, D. (Hrsg.): Statische und dynamische Personendichten bei 

Großveranstaltungen, vfdb Technischer Bericht TB 13-01, 2012. 

[9.35] SEITZ, M. S.; KÖSTER, G.: Natural discretization of pedestrian movement in 

continuous space, American Physical Society, PHYSICAL REVIEW E, 2012, 86, 

046108.  

[9.36] THORNTON, C.; O’KONSKI, R.; HARDEMAN, B.; SWENSON, D.: Pathfinder: An 

Agent-Based Egress Simulator, Pedestrian and Evacuation Dynamics (R.D. Peacock, 

E.D. Kuligowski, J.D. Averill, Editors), Springer 2011, Seite 889 – 892.  

[9.37] KORHONEN, T.; HOSTIKKA, S.; HELIÖVAARA, S.; EHTAMO, H.; MATIKAINEN, K.: 

FDS+Evac: Evacuation Module for Fire Dynamics Simulator, Proceedings of the 

Interflam2007: 11th International Conference on Fire Science and Engineering, 

Interscience Communications Limited, London, UK, 2007, Seite 1443–1448. 



10  Risk methods and safety concept 

344 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

10  RISK METHODS AND SAFETY CONCEPT 

10.1 General information 

A prerequisite for the application of engineering methods in fire protection is the maintenance 

of the socially accepted fire safety level, which can be determined by the annual number of fire 

deaths and fire damage for a certain period of time. To ensure this, engineering methods 

should be applied in conjunction with a global safety concept. The essential requirements for 

the safety concept is the validity for all common methods and models: 

 Dimensioning of Components, 

 Design of smoke extraction systems, 

 Calculation of evacuation times. 

In general, the requirements for a global safety concept for preventive fire protection include 

the definition of rules and methods with which buildings can be designed, executed and used 

in a sufficiently safe and economical way. The objectives of the safety concept are: 

 The provision of sufficient safety for 

o Building users, and 

o Fire brigade personnel, 

 Dimensioning of the fire protection measures so that 

o Deaths and injuries are avoided, and 

o Consequences of construction failure can be minimized. 

Naturally, a safety concept mediates between safety in the public interest on the one hand and 

the desired economic efficiency on the other hand. A sufficient level of safety exists if, for 

instance, the failure of a structure in case of fire within the planned service life only occurs with 

an acceptably small probability (target failure probability). 

When designing the structural fire protection measures, the uncertainties and parameter 

variance in the engineering verifications used must be covered by selecting appropriate design 

values in order to avoid fire-induced failure with adequate reliability. These design values are 

defined by characteristic values and partial safety factors in accordance with the partial safety 

concept of the constructive Eurocodes. The reliability achieved in this way and/or the remaining 

risk cannot be recognised by the design engineer.  

For a risk-oriented evaluation of fire protection, deterministic engineering methods for the 

realistic recording of fire impacts and the behaviour of the building structure or persons during 

the fire are required in addition to probabilistic methods to determine failure probabilities of fire 

protection measures due to uncertainties and scattering of the calculation models and the 

associated input variables and to calculate a failure probability of the fire protection from this. 

This can then be compared with specifications for the probability of failure accepted by society 

to date or the minimum required reliability.  
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In contrast to the English-speaking countries and Scandinavia, risk methods for the evaluation 

of preventive fire protection in buildings have so far only been used in Germany in exceptional 

cases, e.g., in nuclear power plants. To date, there is also no uniform statistical recording and 

evaluation of fire cases that could provide information on the effectiveness of preventive and 

averting fire protection. Therefore, reliable statistical data on the frequency of fire occurrence, 

the probability of fire propagation and the reliability of structural and plant-related fire protection 

measures are rare in Germany. Up to now, dependancy has been relied on international 

literature references whose transferability to German conditions is not assured. Currently, 

there are efforts to collect such data in a uniform way in Germany. If these data are not yet 

available, the following methods should be used to determine the suitability of the available 

data for the individual case.  

To analyse the risk of fire and compare the risks between different buildings, occupancies and 

fire protection concepts, there are various techniques or procedures, which can roughly be 

categorized into qualitative and quantitative risk methods. The following methods are outlined 

in more detail here:  

 Semi-quantitative index method [10.2]. 

 Quantitative event tree analysis [10.3].  

 Quantitative system reliability analysis [10.3]. 

First, Chapter 10.2, sets out the semi-quantitative risk methods that appear suitable for 

practical engineering applications. Thereafter, a summary of the quantitative methods of event 

tree and system reliability analysis is intended for more precise examination and derivation of 

simplified methods are presented in Chapter 10.3. 

10.2 Semi-quantitative risk methods 

The index methods or ranking methods are procedures with which the fire risks in different 

buildings can be estimated and compared with each other. Over the last decades, index 

methods have been developed for different applications (Table 10.1). 

The result of the evaluation is determined as a number, the risk index. In the event of changes 

in the building structure or changes to the technical measures of the plant, the risk index can 

be calculated again using this procedure and compared with the previous value. In this way it 

is possible to iteratively approach a limit value for the safety index, which is to be determined 

as a measure of the risk accepted by the company (or in individual cases). By comparing the 

numerical values for a specific building or for several comparable buildings, the most 

favourable or unfavourable conditions in terms of fire risk can be identified and measures 

optimised.  

However, the method does not provide quantitative information on the actual fire risk, but only 

relative statements on how safe a building is in comparison to another or before and after an 

upgrade. 

Some of the methods listed in the Table 10.1 are based on data dating back to the 1960s. For 

example, with the entry into force of the Swiss VKF (Association of Cantonal Fire Insurance) 
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fire protection regulations 2015 [10.53], the calculation method according to SIA 81 in the form 

of fire protection declaration 115-03 was withdrawn. 

Table 10.1 Examples of semi-quantitative risk methods 

Method Application Developer 

Fire Safety Evaluation 

System (FSES) 

Buildings for offices, 

laboratories, apartments 
NIST, USA [10.4] 

ISO Specific Commercial 

Property Evaluation 

Schedule (SCOPES) 

Commercial buildings ISO Standard [10.5] 

Dow Fire and Explosion 

Index (RDI) 

Process planning, damage 

assessment 
Dow Chemical [10.5] 

Expert system Fire 

Insurance Risk Evaluation 

(XPS FIRE) 

Industrial buildings Munich Re insurance[10.6] 

Hierarchical approach Various buildings 
University of Edinburgh, 

Scotland [10.7] 

Fire risk assessment -

calculation method 

(SIA 81) 

Industrial buildings 
Swiss Society of Engineers 

and Architects (SIA) [10.8] 

Fire Risk Assessment 

Method for Engineering 

(FRAME) 

Various buildings 
De Smet, 

 Belgium [10.9] 

Fire Risk Index Method – 

Multi Storey Apartment 

Buildings (FRIM-MAB) 

Multi-storey residential 

buildings 

Lund University, Sweden 

[10.10], [10.11], [10.12] 

 

Index or ranking methods are semi-quantitative methods, often developed with the aim of a 

simplified, schematic risk classification for certain types of buildings. The responsibility for the 

applicability of the method and its input variables lies with the user. During the development of 

the method, the input variables are determined by the creator, e.g., through expert interviews. 

The transferability of these specifications to the concrete problem should be ensured. 

As a rule, a group of experts is involved, who discuss each individual factor that can influence 

the risk positively (increase in safety level) or negatively (decrease in safety level). The value 

of each factor is decided on the basis of the knowledge of the experts and their many years of 

experience in the fields of insurance, fire brigade, licensing authorities and science. 

Because of their simple application, index methods are a cost-effective tool. The structured 

way of arriving at a decision facilitates understanding among users and makes it possible to 

introduce new findings and technology easily into the system. 

Index methods have been used in fire protection for over 50 years. Methods are available for 

life safety in residential buildings [10.13], high-rise buildings [10.10], hotels [10.14] and for 

protecting industrial buildings [10.8]. 
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10.3 Quantitative risk methods 

 Introduction 

Quantitative risk methods can be used to establish the probability of the occurrence of 

individual events in buildings. There are various models (Table 10.2), which differ in their 

solution approaches. 

One example is Event Tree Analysis (ETA), which can be used individually as a quantitative 

method for planning processes. Together with deterministic engineering methods, all 

necessary information that is to be used to evaluate a building can be presented quantitatively 

and checked for compliance with requirements, for instance, due to legal regulations. 

When using ETA, it is often necessary to consider a large number of fire scenarios with 

different boundary conditions. A probability of occurrence can be assigned to each event, fire 

development or scenario. The ETA allows to evaluate and structure the time course of the 

investigated events starting from the beginning of a fire. When developing an event tree for the 

structure to be examined, human behaviour and the reliability of installed fire protection 

systems can also be taken into account. 

Another advantage of the ETA is that it is easy to understand due to its binary system (yes / 

no) and its logical graphical representation with symbols. Internationally, the ETA is used as a 

recognized verification procedure for fire safety and risk assessments in different types of 

buildings [10.16] (see Table 10.2). 

Table 10.2 Examples for the application of quantitative risk methods 

Method Utilization Developer 

Computation of Risk 

Indices by Simulation 

Procedures (CRISP) 

Personal Risk 
Fire Reseach Station 

(BRE), UK [10.17] 

Fire Risk Evaluation 

and Cost Assessment 

Model (FiRECAM) 

Office building 
National Research 

Council, Canada [10.18] 

Event Tree Analysis 

(ETA) 
All building types 

Various 

[10.19], [10.20] 

Fire Risk analysis with 

Reliability Index ß 

All building types 

Stage 3 

Various 

[10.21], [10.22] 

 

 Event tree analysis (ETA) 

For the application of an event tree analysis, first of all measures have to be identified which 

can have a great influence on the safety of persons or the building construction. These are, for 

instance, different fire locations (area, room, separation from the rest of the building, fire origin) 

and fire loads (fire growth, fire spread, ventilation conditions) as well as structural, plant-related 

and organizational protective measures. 
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The probability of failure of individual parts of the event tree may have to be determined on the 

basis of a computational analysis. This may, e.g., be a component calculation or a evacuation 

simulation, in each case taking into account the fire event to be associated with this branch 

and relevant failure criteria. These may be simpler calculation procedures such as manual 

equations or computer simulations (see Chapters 5, 6 and 8). The choice of the method 

depends on the complexity of the building to be investigated and the objectives of the analysis. 

In addition, the user may have recourse to databases or rely on literature references, empirical 

values and his own technical judgement. 

Depending on the complexity and size of the investigated building, the following events, for 

instance, can be viewed with case distinctions in the event tree: 

 Location of the fire, type of room 

o Office, 

o Corridor, 

o Atrium, etc. 

 Fireproof enclosure, 

o Door open / door closed, 

o Walls, 

o Wall opening, 

 Time of day (day / night), 

 Fire alarm (yes / no), 

 Smoke and heat extraction (yes / no), 

 Attempts to extinguish by personnel (yes / no), 

 Firefighting by means of extinguishing system (yes / no), 

 Firefighting by fire brigade (yes / no). 

The event tree analysis procedure can be divided into five steps: 

 Collection of information on safety equipment and functions (both technical and 

organisational), 

 Layout of the event tree, 

 Quantification of the failure probability of the safety facilities and functions of all 

parts of the event tree, 

 Capture the conditional probability of failure of each branch of the event tree, 

 Quantification of the results (resulting probability of failure Pf,i per branch or total 

Pf,sum). 

The analysis is based on different fire scenarios, for each of which the fire development and 

measures are calculated within the scope of an evacuation process. The event tree is a logical 

diagram that is particularly suitable for displaying the sequence of events. Thus, the effects of 
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the fire origin, the fire development, the control of the fire as well as the rescue process can 

be recorded. 

The user of the procedure must ensure that he records all events relevant to the course of the 

fire in the event tree (e.g., closed or open door, blocked escape route, failure of the fire alarm 

system or sprinkler system), which results in further scenarios in each case. 

Figure 10.1 shows a simple event tree for fire scenarios that can occur when a sprinkler system 

functions or fails and is separated by a door. The probability of occurrence of each scenario 

Pf,i is calculated by multiplying the probability of a specific event, in this case of fire, by the 

probabilities of the subsequent events (function or failure) on that particular branch of the event 

tree. It is possible to calculate the probability of any damage occurring at all as a result of a fire 

event, and this is calculated from the sum of the probability of occurrence of the scenarios Pf,i. 

The extent of fire propagation should be taken into account when considering compliance with 

the safety objectives. 

Depending on the definition of the protection objective, it would be possible, for instance, that 

a protection objective is met if the fire is confined to the area of origin. In this case, the branch 

with a functioning extinguishing system and a functioning fire protection closure would not have 

to be included in the total sum, although a fire has occurred in the room. 

 

 

Figure 10.1 Example of part of a simple event tree 

The methodology will be explained by means of a simple example. First of all, a safety objective 

is defined.  

Safety Objective Definition 1: A local damage is accepted, a fire transmission beyond 

the fire room does not occur. This is the case if either the extinguishing system or the 

fire protection closure is effective.  

Safety Objective Definition 2: Loss of building possible, fire leaves fire room. This is the 

case if the extinguishing system and the fire protection closure fail. 
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The probability of occurrence results from the evaluation of the event tree depending on the 

protection goal definition.  

Safety Objective Definition 1: Damage occurs in scenarios 2 and 3.  

Pf,sum= Pf,2 + Pf,3 = 3.24 x 10-4 + 8.4 x 10-5 = 4.08 x 10-4 

Safety Objective Definition 2: Damage only occurs in scenario 4. 

Pf,sum= Pf,4 = 3.6 x 10-5  

 Implementation of a quantitative risk analysis 

The methodology of the quantitative risk analysis is to be clarified by means of a more detailed 

consideration compared to Chapter 10.3.2.  

This risk analysis is complex in real applications and depends on the particular, investigated 

problem. With regard to life safety, the extent of damage to be expected is high, for instance, 

if the determined available safe escape time until limit values is shorter than the required safe 

escape time from the building. Looking at the supporting structure, damage can occur if the 

temperature of the hot gas layer exceeds, for instance, 300 °C. The higher the temperature 

can become in a fire scenario, the higher the extent of damage, up to a certain limit, is usually 

expected. The product of the probability of occurrence pi and the extent of damage Si results 

in the risk contribution Ri for the respective scenario and a value for the overall risk by summing 

the individual contributions. The risk contributions of the scenarios can then be compared to 

show where risk-reducing measures are necessary or have the greatest influence with regard 

to the respective safety objective.  

These connections are explained in an example. The spread of fire in a larger building will be 

investigated. The occurring damage Si is given in simplified form as the area affected by the 

fire, depending on the rate of fire development and the duration of the fire. As a rule, measures 

such as 

 the fire is extinguished by building users, 

 the fire is suppressed by sprinkler systems, or 

 the fire is controlled by the fire brigade, 

limit the spread of fire and thus the extent of damage Si in the respective scenario. The 

probability of occurrence pi of the scenario resulting from the failure or success of the measures 

depends on the probability of failure or success of the respective (protective) measures.  

The risk assessment can be carried out on the basis of the risk contributions Ri, the 

probabilities of occurrence pi and the respective extent of damage Si. The most common 

reason for the application of a risk assessment in fire protection is the efficient use of resources 

with an acceptable extent of damage.  

In risk analysis, many influencing variables are to be regarded as stochastic variables. In a 

sensitivity analysis, the user should investigate how uncertainties affect the overall result, e.g.: 

 Variation of the input data, 

 Simplifications in models, 
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 Reliability of technical equipment, and 

 Influence of open doors, unsuitable measures etc. 

In a final evaluation of the affected protection measures, the fire effects determined by fire 

engineering methods and/or the respective extent of damage are compared with the fire safety 

objectives defined for this purpose. If the safety objectives are not achieved, additional 

measures for the upgrading of the building are required. By comparing different alternatives, 

optimal solutions can be found that provide the legally required protection for the occupants 

(possibly a higher level of protection) with the least possible effort. On the other hand, individual 

scenarios in the event tree or events in these scenarios can be singled out because they are 

not relevant for the risk assessment with regard to the fire safety objectives. 

10.4 Safety concept for constructive fire protection 

 Requirements and principles 

The safety concept for verifying structural fire protection using the Eurocode fire protection 

parts presented in the following was developed in [10.23]. It is intended for:  

 Different construction methods (concrete, steel, composite, wood, masonry), 

 Different types of use (standard and special occupancy buildings), 

 Different fire actions (natural fire load), 

 Different calculative verification methods (simplified and general calculation 

methods according to the Eurocode fire protection sections), 

and takes into account the following boundary conditions: 

 Frequency of fire outbreak (utilization-dependent), 

 Probability of fire propagation (utilization-dependent), 

 Availability and effectiveness of technical measures, and 

 Availability and effectiveness of firefighting by the fire brigade. 

The input variables for determining the fire actions contain random scatterings, statistical 

uncertainties and model uncertainties which are taken into account by a suitable choice of 

design values. This applies in particular to  

 Fire load density, 

 Heat release rates or mass loss rates, and 

 Soot yield and contaminant yields. 

The safety concept should be based on the specifications already outlined in the European 

standards - under higher level perspectives - and integrate them in a sensible manner. This 

affects the general requirements regarding the reliability of load-bearing structures, which are 

regulated for all construction types and materials in DIN EN 1990 - Eurocode [10.24]. 

Furthermore, the mechanical actions on buildings are standardized in the various sections of 

DIN EN 1991-1. 
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In the event of a fire, DIN EN 1991-1-2 (Eurocode 1 Part 1-2) [10.1] recommends, and the 

responsible DIN working committee for Germany also confirms in the National Annex, that the 

partial safety factors for the material characteristics are uniformly M = 1.0 for all building 

materials and types of construction, which means that calculations are made with the 

characteristic values. 

Thus, the required reliability of the fire safety design can only be ensured by defining a 

sufficiently conservative design fire. Incidentally, this corresponds to the previous practice of 

defining the fire exposure by means of the standard fire curve (ISO 834) for fires in normal 

building construction (residential and office buildings and buildings with comparable use), and 

a fire resistance duration that is on the safe side as required by building regulations. 

Depending on the natural fire model and verification method used, different input variables are 

decisive for the fire exposures which show scattering and perhaps even model uncertainties 

and which should have partial safety coefficients added to them for this reason: 

 The fire load, where the fire duration is decisive for the design (e.g., for structural 

components with a longer fire resistance period and for wooden components with 

a constant rate of combustion (this case is dealt with in Eurocode 1 Part 1-2, 

Annex E), 

 The rate of fire propagation, if the fire exposure in the early phase of the fire 

becomes decisive (e.g., room temperature for unprotected steel components), 

 The fire surface and/or mass loss rate, which determine the maximum heat 

release rate and temperature development in the stationary phase of a fire load 

controlled fire, 

 The ventilation conditions which are decisive in ventilation-controlled fires for the 

maximum heat release rate and temperature development. 

 Probability of occurrence of a fire 

The reliability required for the design of the structure and certifying life safety in the event of 

fire depends on the probability of a damaging fire occurring in a utilisation unit of a building 

and the related damage consequences (damage to components and/or persons). 

The probability of occurrence pfi of a destructive fire in a utilization unit with base area A, 

effectively separated in terms of fire protection in a reference period of 1 year, can be 

determined using equation (10.1):  

 𝑝𝑓𝑖 = 𝑝1 ⋅ 𝑝21 ⋅ 𝑝22 ⋅ 𝑝3  (10.1) 

with  

p1  Annual probability of occurrence of an initial fire in the unit of use, 

p21  Probability of firefighting failure by users, 

p22  Failure probability of firefighting by the fire brigade, 

p3  Failure probability of firefighting by an automatic extinguishing system. 
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The annual probability p1 of at least one fire occurring in the utilisation unit can be determined 

according to equation (10.2) assuming an area-related fire outbreak rate 1 independent of the 

floor area, or alternatively according to equation (10.3) taking into account the fire outbreak 

frequency which increases (usually disproportionately) with the size of the utilisation unit: 

 𝑝1 = 1 − 𝑒𝑥𝑝( 𝜆1 ⋅ 𝐴) ≈ 𝜆1 ⋅ 𝐴  (10.2) 

 𝑝1 = 1 − 𝑒𝑥𝑝( 𝑎 ⋅ 𝐴𝑏) ≈ 𝑎 ⋅ 𝐴𝑏  (10.3) 

with 

A Floor area of the fire compartment [m2],  

1 Mean rate of occurrence of incipient fires per square metre of floor area and 

year [1/(m2∙a)], 

a Basic value of the related frequency of fire outbreak per square meter and year 

[1/(m2∙a)],  

b Exponent, which depends on the type of use and the subdivision of the 

utilisation unit (room cells). 

Simplified, an average annual probability of occurrence p1 can be used for a typical variable 

(i.e., average floor area) of an area put to the appropriate use. 

Numerical values for 1, a and b and p1 can be taken from the Table 10.3. The data for various 

uses were compiled in [10.23] based on an evaluation of various international sources, in 

particular [10.25] and [10.26]. 

Table 10.3 Mean annual occurrence rate of fires 1 per square meter of floor area per storey 

or occurrence probability p1 per utilization unit for various uses (according to [10.25], [10.26]) 

Utilization 

Mean 

occurrence 

rate per m2 

and year 

Probability of occurrence  

per utilization unit and year 

p1 = a ∙ Ab p1 

1 [1/(m2∙a)] a [1/(m2∙a)] b [1/a] 

Residential building 4.7E-6 4.8E-5 0.9 3.0E-3 

Office building 2.1E-6 5.9E-5 0.9 6.2E-3 

Hospitals, nursing homes 5.6E-6 7.0E-4 0.75 3.0E-1 

Public places of assembly, private 

places of assembly 
3.8E-6 9.7E-5 

0.75 

1.0 

2.0E-2 

1.2E-1 

Schools, educational institutions 1.9E-6 2.0E-4 0.75 4.0E-2 

hotels, lodging facilities - 8.0E-5 1.0 3.7E-2 

Commercial buildings 4.7E-6 6.6E-5 1.0 8.4E-3 

Industrial buildings (production) 6.4E-6 1.7E-3 0.53 4.4E-2 

Storage buildings 1.4E-5 6.7E-4 0.5 1.3E-2 

 

The failure probability p21 takes into account the early fighting of the initial fire by the users, p22 

applies analogously to the extinguishing measures of the fire brigade. Based on international 
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experience and statistical studies, a flat-rate probability of failure of p2 = p21 ∙ p22 ≈ 0.1 can be 

calculated.  

According to English fire statistics, an average of 50 - 70 % of initial fires are extinguished by 

the users [10.30] (conservatively p21 = 0.5), so that the fire brigade is either not alerted at all 

or only has to carry out supplementary extinguishing work.  

The success of firefighting by the fire brigade depends on the one hand on the intervention 

time and efficiency of the fire brigade and on the other hand on the spread of the fire until the 

beginning of the extinguishing work. For public fire brigades, an average intervention time of 

approx. 15 minutes can be assumed. The intervention time of a plant fire brigade is usually 

significantly shorter than that of the public fire brigade and, if necessary, the strength and 

equipment is adapted to the specific object, so that the probability of failure p22 is lower. 

Numerical values for p22 for firefighting by a public fire brigade or a works fire brigade are 

suggested in Table 10.4. Linear interpolation is permitted between the specified intervention 

times. Since the firefighting measures of the works fire department and the public fire 

department are not independent of each other, only one fire department, i.e., the one with the 

lower probability of failure, may be taken into account in equation (10.1). 

Table 10.4 Probabilities of failure p21, p22 and p3 of fire fighting1

 

Firefighting by 
Probability of failure 

p21 p22 p3 

User 0.5   

Public fire brigade with intervention time 

 < 15 min 

 > 20 min 

  

0.2 

0.5 

 

Works fire brigade with intervention time 

1) 

 < 10 min (four seasons) 

 < 10 min (two seasons) 

 
 

0.020 

0.05 

 

Automatic extinguishing system 

 Sprinkler system 

 according to VdS/CEA standard 2) 

            in other cases 

 Other water extinguishing system 

 Gas extinguishing system 

 

 

 

 

0.020 

0.050 

0.1 

0.1 

1) Automatic fire detection and alarm are required 
2) Planning, installation, operation and maintenance according to the recognized rules of 

technology 

The failure probability p3 of an automatic extinguishing system depends on the design 

standard. Sprinkler systems according to the VdS standard mentioned in Table 10.4 are 

                                                           

1 Note: In the technical building regulations of the federal states, partly deviating specifications are made 
for the probabilities of default to be assumed. 
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systems that are planned, built, and operated according to VdS CEA 4001 and for which all 

quality assurance measures according to VdS CEA 4001 are applied. These include, in 

particular, the component and installer approvals, the maintenance measures to be carried out 

by the approved installer and operator, and the annual inspection by an inspection expert. The 

same applies to gas extinguishing systems according to the VdS standard in accordance with 

the VdS planning and installation guidelines for gas extinguishing systems (VdS 2093, VdS 

2380, VdS 2381). 

The extinguishing measures of the fire brigade and firefighting by means of an extinguishing 

system are approximately independent of each other, so that both p22 and p3 may be used in 

equation (10.1). This does not apply if, due to the existing fire hazard, only a control of the fire 

development by the automatic fire extinguishing system in case of fire is to be expected and, 

therefore, an additional manual firefighting by the fire brigade is required. In this case, the 

failure of the automatic and the failure of the manual fire extinguishing system are no longer 

independent, so that, without a more detailed analysis, p22 = 1.0 can be conservatively 

assumed. A comparable interaction exists between automatic and non-automatic fire alarm 

systems and firefighting by the fire brigade. If a fire event occurs in a building equipped with a 

fire detection system, it can be assumed that the fire brigade can start fighting the fire at an 

earlier point in time than without a fire detection system, so that the probability of a successful 

extinguishing operation increases and the fire scenario under consideration is less intense. 

The probability of a successful firefighting operation is, however, like the interaction between 

the works fire brigade and the public fire brigade, a conditional probability. In this case, the 

failure probability p2 to be specified for the safety concept for firefighting by the fire department 

would have to be specified in the form p2|BMA depending on the presence of a fire alarm system. 

Exemplary studies on the effects on the safety level were documented in [10.54]. The positive 

effect of the fire detection system on the fire event was approximately modelled over a 

shortened period of time until the beginning of the extinguishing work. However, there is hardly 

any statistical data available that proves how much time is saved between the outbreak of fire 

and firefighting in buildings with fire detection systems, compared to buildings without a fire 

detection system (see Chapter 7 and 7.2.3). The investigations therefore, examined the effects 

of a time gain of between 3 and 7 minutes. Furthermore, it was shown that the gain in safety 

depends on the type of fire brigade, the respective time of the extinguishing work and the 

failure probability of the fire detection system. It has been shown for the example that an 

additional factor p2|BMA for determining the required reliability in the event of fire can lie between 

p2|BMA = 0.15 and p2|BMA = 0.75, so that, for instance, a value of p2|BMA = 0.5 could be considered 

sufficiently conservative. In any case, further comparative calculations with different 

component types would be required for the fire safety design before the fire alarm system could 

be considered in the safety concept. 

 Required reliability of the construction in case of fire 

In the informative Appendix B to DIN EN 1990 [10.24], the various structural systems are 

classified into damage consequence classes CC, which are assigned a required reliability 

index  or probability of failure pf via reliability classes RC. These apply both to service load 

cases and to exceptional load cases such as fire. Table 10.5 shows the damage consequences 
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as well as the values  and pf for ultimate limit states and a reference period of 1 year. With 

( ) as function of the standard normal distribution is 

𝑝𝑓 = 𝛷(−𝛽)  (10.4) 

Table 10.5 Classification of structural systems in damage consequences and assignment of 

reliability classes according to DIN EN 1990 [10.24], Annex B 

Loss consequence classes CC 

Reliability classes RC 
Characteristics 

Examples in building 

construction 

CC3 

 

 

RC3 

High impact on human life or 

very high economic, social or 

environmental impact 

 = 5.2      pf = 1.0 E-7 (1/a) 

Grandstands, public 

buildings with high failure 

rates (e.g. a concert hall) 

CC2 

 

 

RC2 

Moderate impact on human 

life, significant economic, 

social or environmental 

damage 

 = 4.7     pf = 1.3 E-6 (1/a) 

Residential and office 

buildings, public buildings 

with medium failure 

consequences (e.g. an 

office building) 

CC1 

 

 

RC1 

Low impact on human life and 

small or negligible economic, 

social or environmental 

impact 

 = 4.2     pf = 1.3 E-5 (1/a) 

Agricultural buildings 

without regular visit, (e.g. 

barns, greenhouses) 

From the failure probability pf which applies to all load conditions and the annual probability of 

occurrence pfi of at least one fire in the respective utilization unit according to equation (10.1), 

a conditional probability of failure pf,fi in case of fire or the reliability index fi can be determined 

as follows  

 𝑝𝑓,𝑓𝑖 =
𝑝𝑓

𝑝𝑓𝑖
  (10.5) 

𝛽𝑓𝑖 = 𝛷−1(1 − 𝑝𝑓,𝑓𝑖)  (10.6) 

Here 𝜙-1 is the inverse function of the standard normal distribution. 

For the assessment of possible economic and environmentally damaging consequences which 

according to Table 10.5, form the basis for the assignment of reliability classes according to 

DIN EN 1990, each case usually has to be viewed individually in the event of fire. Especially 

in the case of industrial buildings, a sweeping assessment of the economic consequences, 

which depend strongly on the individual operational processes and interactions of the company 

activities, is not appropriate. 

 Partial safety factors for the fire protection design of the structure 

The temperature of the structural element is usually the decisive fire action for the fire 

protection design of structural elements and supporting structures. It results from the fire room 

temperature in the surrounding of the building components, which in turn depends on the type, 

quantity and distribution of the fire loads within the room, the ventilation conditions, the 

properties of the fire room and, where applicable, the effect of technical fire protection and 

firefighting systems. 
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There are only a limited number of data sources for fire loads in multiple-use buildings. In DIN 

EN 1991-1-2, Annex E [10.1] and in the National Annex DIN EN 1991-1-2/NA [10.35], mean 

values and standard deviations of fire load densities (mean fire loads per m2 floor area) are 

given for typical building uses. Based on this, in [10.35] the 90% fractiles were recommended 

as characteristic values, which were calculated according to [10.1] assuming a Gumbel 

distribution with a coefficient of variation of 0.3 (see Table 10.6). 

The fire load densities in Table 10.6 apply to areas that are typical for the respective use. 

Special rooms should be considered separately. Fire loads due to the building construction 

(supporting elements, claddings and coatings) should also be determined separately and 

added to the values in the Table 10.6.  

In order to determine the time course of the room temperature with a natural fire model, a 

resulting course of the heat release rate is determined under specification of a design fire 

scenario, which contains a large part of the influencing variables. DIN EN 1991-1-2/NA [10.35] 

also specifies characteristic values for the heat release rate for the above-mentioned typical 

building uses. 

Table 10.6 Fire load densities [MJ/m²] for various building uses (based on [10.1]) 

Utilization 
Average 

value 
Standard deviation 90 % quantile 

Living 780 234 1085 

Hospital (room) 230 69 320 

Hotel (room) 310 93 431 

Bookshop, Library 1500 450 2087 

Office 420 126 584 

School (classroom) 285 85,5 397 

Shopping Centre 600 180 835 

Theater (cinema) 300 90 417 

Traffic (public area) 100 30 139 

Industry - storage 1180 *) 2240 

Industry - production 300 *) 590 

 *) The fire load densities in industrial buildings scatter widely. The values given are only a guide, 
they cannot usually replace a more precise determination. 

In [10.23], extensive reliability analyses were performed for individual components made of 

different building materials (concrete, steel and wood) in buildings used for different purposes 

(residential/office buildings, sales/assembly areas, industrial buildings). For comparison, the 

reliability of the same components under standard fire load was calculated according to ISO 

834, whereby the fire resistance required by the building authorities was specified 

deterministically. It turned out in all cases that during the fire, the reliability under realistic 

natural fire exposure taking into account scattering influencing variables is higher than under 

standard fire exposure at the end of the required fire resistance.  
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Furthermore, it was also shown that due to its wide scattering, the fire load density with 

concrete and steel elements has a decisive influence on reliability. In the case of wooden 

components, this applies to the mass burning rate of wood. The next most important factor is 

the maximum heat release rate in the phase of a fully-developed fire. 

It is assumed that 90 % fractiles are defined as characteristic values for each of these decisive 

influencing variables of fire exposure. For the design, design values are used that are 

calculated from the characteristic values by multiplication with partial safety factors fi. The 

partial safety factors are determined in such a way that the required reliability according to 

Table 10.5 is maintained on average and, in accordance with [10.23], is not exceeded or 

exceeded by a maximum of ±fi = 0.5. 

A Gumbel distribution is usually assumed for both the fire load density and the heat release 

rate. The partial safety factors can be calculated using equation (10.7) as the quotient of the 

design value in the event of fire and the characteristic value: 

 𝛾𝑓𝑖 =
1−𝑉⋅√6/𝜋⋅[0.5772+𝑙𝑛(− 𝑙𝑛(𝛷(𝛼⋅𝛽𝑓𝑖)))]

1−𝑉⋅√6/𝜋⋅[0.5772+𝑙𝑛(− 𝑙𝑛(0.9))]
  (10.7) 

Here ( ) is the function of the standard normal distribution. 

If the fire load density is taken from Table 10.6 as a wholesale value for utilization, the 

coefficient of variation is assumed to be V = 0.3 and the sensitivity factor for determining the 

design value is assumed to be  = 0.6. If the fire load density is determined on an individual 

basis (as is usual in industrial construction, for instance), the random scatter is smaller. Then 

the partial safety factor  fi can be calculated with the coefficient of variation V = 0.2 and the 

sensitivity factor = 0.5. 

Hardly any statistical data is available in the world on the area-specific heat release rate for 

different uses. However, the scattering is likely to be lower than for fire load densities. 

Analogous to the fire load density determined in individual cases, the coefficient of variation is 

assumed to be V = 0.2 and the sensitivity factor  = 0.5.  

The partial safety factors fi determined with these assumptions for the fire load density q and 

the heat release rate (HRR ≡𝑄̇) can be read off Figure 10.2 (from [10.35]) as a function of the 

required reliability index  fi. 
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Figure 10.2 Partial safety factors for the influencing variables of a natural fire in relation to the 

defined characteristic values (90 % fractile); solid line: fire load density for uses 

according to the Table 10.6; dashed line: heat release rate and fire load density 

when determined exactly in individual cases  

 Consideration of different fire scenarios 

In the presence of an automatic extinguishing system or a particularly powerful fire brigade, a 

destructive fire (fully-developed fire) is only to be expected with a significantly lower probability 

of occurrence than without these measures. When the special firefighting measures become 

effective, they extinguish or control the fire so that it no longer plays a role in the fire safety 

design of the construction.  

The situation is different if the fire is influenced by technical measures such as smoke and heat 

extraction, but still reaches critical temperatures for the construction. Such scenarios can be 

considered in the event tree analysis (ETA) described in Chapter 10.3.2. 

An event tree containing measures for fire detection and firefighting as well as measures for 

smoke and heat extraction (SHE) is shown in Figure 10.3. The individual event paths of the 

event tree can be assigned different fire courses a to f according to the Figure 10.4, which are 

described by the temporal course of the heat release rate. These fire courses are taken into 

account in the limit state equations for the verification of the structural elements, which are 

linked to each other within the framework of a system reliability analysis.  

The conditional probability of failure of the system in the event of fire pf,fi is variable over the 

duration of the fire: on the one hand, the probability that a certain limit state (e.g. a failure 

temperature) is reached or exceeded increases with increasing fire exposure, on the other 

hand, the probability that extinguishing measures start and become effective also increases. 

Because of this opposite process, the probabilistic system reliability analysis should generally 

be performed in a time-step procedure. Therefore, it is very costly and not very suitable for 
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practical applications. In [10.23], such analyses were performed to derive or calibrate safety 

requirements for simplified, practice-oriented verifications. 

  

Figure 10.3 Event tree for determining possible failure paths (according to [10.3]) 

 

Figure 10.4 (Qualitative) fire characteristics as a function of function and failure of the technical 

and defence components 

10.5 Safety concept for verification of evacuation in case of fire 

 Principles for performance-based certification 

A quantitative safety concept for the verification of life safety analogous to the safety concept 

for structural fire protection (see Chapter 10.2), which quantifies and considers the existing 

uncertainties in the verification and ensures a constant safety level, is not yet available or has 

been yet developed. In practice, the boundary conditions for the application of the procedures 

are currently being defined between the designer and the approval authority or the test 

engineer. This results in individual case solutions that cannot be easily transferred to other 

buildings. The parties involved should ensure that the planning at least meets the generally 



10  Risk methods and safety concept  

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 361 / 464 

accepted safety level. A certain degree of standardization and traceability for third parties can 

be guaranteed by the structured and objective derivation of decisive fire scenarios and the 

associated design fires, as described in DIN 18009 [10.51]. An example of a more extensive 

standardisation can be found in the Swiss VKF fire protection guideline 27-15 "Verification 

procedures in fire protection" [10.53]. This is mandatory in Switzerland for the application of 

fire safety engineering methods. In addition to the basic requirements for verification methods, 

comparable to DIN 18009-1, the performance criteria of the height of low-smoke layer together 

with the reference value for the extinction coefficient of 0.2 m-1 in combination with a heavily 

sooting fire material ensures that a constant safety level is achieved when performing the 

corresponding verifications.  

The level of life safety of buildings planned according to prescriptive specifications or buildings 

proven on the basis of fire engineering methods is unknown and not easily quantifiable. 

In the following, the status quo and the necessary work for the derivation of an appropriate 

safety concept are described. The preparatory work of the existing safety concept for the fire 

protection certification for components and structures according to the Eurocodes should be 

used.  

The current international state of the art for the proof of life safety in case of fire is to compare 

the Available Safe Egress Time (ASET) with the Required Safe Egress Time (RSET). Evidence 

is provided if tavailable becomes greater than tevacuation [10.28].  

tavailable > tevacuating  (10.8) 

In most cases, an empirical safety factor is still selected to compensate for the existing 

uncertainties of the detection variables. With a global safety factor κ, equation (10.8) is then 

as follows: 

tavailable / tevacuation ≥ 𝑘  (10.9) 

Although the level of safety cannot be quantified in this way, the choice of input variables and 

the limit values for the performance criteria, which are on the safe side, generally ensures 

sufficient safety. The documentation and verification of the corresponding proofs are of great 

importance. 

The detection variables tavailable and tevacuation are obtained from fire or evacuation simulations of 

varying complexity and accuracy, taking into account different performance criteria (e.g., height 

of the low-smoke layer, detection distance, FED, see Chapter 10.5.3).  

The very simple equation (10.9) describes a complex problem which requires a structured 

approach to achieve comparable results and a uniform level of safety. A possible approach is 

presented in the following sections. 

 Fire and evacuation simulation 

There are various models in the field of fire protection engineering for the simulation of the 

course and effect of fires (see Chapter 5). With these models, the designer is able to calculate 

the available escape time tavailable, depending on the performance criteria. The selection of the 

correct model for the problem under consideration (see Chapter 5) as well as experience in its 

application is of great importance.  
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Models of varying accuracy and complexity are available for the simulation of the evacuation 

(see Chapter 9). In addition to the duration of the pure evacuation movement, which can be 

calculated with the above-mentioned models, further time spans from the alarm to the 

beginning of the evacuation, the so-called pre-movement time, have to be considered (Figure 

10.5). The approaches for the pre-movement time are mostly approximate and based on 

evaluations of evacuation exercises. The most well-known model is the Purser model (see 

Chapter 9, [9.1]). 

Since various numerical models exist for fire and evacuation simulations, problems with the 

applicability and acceptance of the results may arise under certain circumstances. 

Nevertheless, no models should be laid down in a normative implementation of the evidence 

for life safety, because this would freeze the state of the art and leave no room for incorporation 

of the findings and outcomes of new research. Rather, a catalogue of validation examples 

should be provided, analogous to [10.36], in order to be able to check the suitability of the 

models and softwares for the respective area of application. Corresponding proposals are 

made, for example, in [10.37]. 

 

Figure 10.5 Schematic illustration of the different time spans for evacuation in the event of fire 

 Performance criteria 

After selecting the models for the fire and evacuation simulation, the associated performance 

criteria must be defined, according to which the times for tASET and tRSET can be derived from 

the simulation results. For the evacuation simulation this is usually quite simple: tRSET describes 

the time until the escape process is completed, i.e., until the last person has reached a safe 

area. 

The procedure for determining tASET is somewhat more complex, as the performance criteria 

implicitly lead to different levels of safety. For simplification, these are grouped into two 

categories: 
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 Hindrance to escape: escape can be impeded by people slowing down due to 

poor visibility or by changing the direction of escape due to excessive smoke 

density. The performance criteria used are, for instance, the height of the low-

smoke layer, the recognition distance or the optical smoke (see Chapter 8). 

 Prevention of escape: the criteria chosen here imply a greater risk for people who 

are unable to escape when the limit values are reached and who are no longer in 

a position to save themselves. In the literature [10.30], either assessment values 

or dose models (FED, fractional effective dose) can be found (see also Chapter 

8). 

Depending on the selected performance criteria, even with the same scenario and design fire 

with the same models leads to different tASET, so that the proof according to equation (10.9) 

can only be provided, taking into account the performance criteria for the category "prevention 

of escape" and not for the performance criteria of the category "hindrance to escape". As long 

as a safety concept for life safety is not yet available, performance criteria of "hindrance to 

escape" should be applied for corresponding proofs based on the implicit safety.  

Furthermore, in addition to the different safety levels of the various performance criteria, the 

location of the evaluation also plays a major role, especially in the CFD models, which record 

the corresponding evaluation criteria in each cell. Local smoke gas concentrations can, for 

instance, cause the performance criteria "optical density" or "FED" to take effect earlier or later, 

although in reality the people are moving through the room. Since today's evacuation models 

are usually not directly coupled to the models for calculating the actions of fire, they cannot 

react to corresponding local effects. The determination of t-ASET and, accordingly, the 

verification based on the location in the verification area that first no longer fulfils the 

performance criteria guarantees a verification on the safe side. Current research work in this 

area can be found, for instance, in [10.52]. 

 Design fire scenarios and design fires 

Considerable differences may arise in the individual derivation of the fire scenarios or design 

fires relevant for the verification and the determination of the performance criteria. Therefore, 

it is important to identify the relevant fire scenarios and to determine design fires. With regard 

to life safety, there is a tendency to develop fire scenarios that have a direct or indirect effect 

on the escape route and to derive design fires accordingly. A standardised procedure based 

on a safety concept should therefore at least provide appropriate qualitative specifications.  

Principles and rules for the application of fire protection engineering methods are regulated in 

DIN 18009 [10.51]. The selection of relevant scenarios and their concretization (worst-credible) 

is carried out here on the basis of the probability of occurrence and the extent of damage. 

A further approach for the definition of design fire scenarios is provided by the US-American 

guideline NFPA 101 "Life Safety Code" [10.37], which, in addition to prescriptive requirements, 

also provides performance-oriented proof. Eight different scenarios are specified for this 

purpose, which are listed in Table 10.7. 
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Table 10.7 Design fire scenarios based on NFPA 101 [10.39] 

Scenario Description 

1 Typical use-dependent scenario (standard case) 

2 Very fast developing fire in the main escape route (reduction of the number of 

escape routes) 

3 Ignition in an unused room next to a room with a large number of people 

(undetected fire outbreak) 

4 Ignition in an unused room without detection or sprinkler system next to the 

room with a high number of people (failure of fire protection barriers) 

5 Slowly developing fire shielded from fire barriers near highly frequented rooms 

(low-energy fire) 

6 Fire with the highest possible fire load of an intended use (large fire in normal 

use) 

7 Fire entry from outside, which develops into the relevant section (fire 

propagation) 

8 Standard fire taking into account the failure of active and passive fire protection 

systems (worst case scenario) 

If one of the fire scenarios is not relevant or not possible, this must be justified. Furthermore, 

additional scenarios should be demonstrated, taking into account the characteristic features of 

the building structure and the safety objectives, if they become relevant in the individual case. 

This procedure ensures that the most important cases are covered. Fleischmann [10.38] 

assigns the performance criteria to the individual scenarios depending on their risk 

contribution. For instance, the FED criterion should be fulfilled for the worst-case scenario 8, 

while for the standard case scenario 1 the detection range is applied. In a further step, the 

design fires are derived from the defined fire scenarios. 

For the design fires, which are usually specified in the simulation models, such as the time 

course of the heat release rate (HRR(t)), the Life Safety Code does not make any concrete 

requirements [10.37]. Also, no specifications are made regarding the maximum heat release 

rate, the fire load and other parameters. In order to ensure comparable verifications, it is 

considered useful to completely define and document the fire scenarios depending on the type 

of use, size and/or other parameters in a holistic safety concept for the verification of life safety. 

Fleischmann [10.38] presents various scenarios based on the t² fire and defines the associated 

parameters such as calorific values, fire growth rates, rates of harmful gas formation. 

With the publication of DIN 18009-1 [10.51], a standard has become available in Germany 

which specifies performance criteria for the verification by means of fire safety engineering 

methods for the specification of fire safety objectives and functional requirements. The basic 

principles are the identification of fire hazards and the assessment of the resulting risks, which 

can be used as an objective basis for the selection of fire and evacuation scenarios relevant 

for design.  

In addition to the derivation of relevant scenarios, information on suitable models and principles 

for the determination of safety factors and surcharges is given. 
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 Probabilistic quantification of the safety level 

The above-mentioned specifications for the simulation models are only the first step towards 

a holistic approach for the development of a safety concept for the verification of life safety in 

the event of fire. Although the decisive influencing variables, models and performance criteria 

have been named, no quantitative analyses have yet been carried out which demonstrate the 

current safety level or prove that the required safety level is achieved by the performance-

oriented verifications. 

In contrast to the verifications for structural elements and load-bearing structures in the event 

of fire, no target failure probabilities are regulated for verifications of life safety in the event of 

fire. As described, this is problematic due to the different safety levels associated with the 

performance criteria (see Chapter 10.5.3).  

In this case, analogous to GruSiBau [10.39] or EN 1990 [10.24], performance criterion-related 

probabilities of failure can be derived by examining representative buildings or relevant parts 

of buildings that comply with the applicable building code with regard to their probabilities of 

failure in relation to the respective performance criterion and the relevant scenario. A 

classification into risk classes could be carried out e.g., analogous to [10.35] according to 

building class and use. Representative target failure probabilities could then be derived from 

a sufficiently large number of comparative calculations (see Chapter 10.5.9). 

In general, equation (10.8) can also be interpreted as a probabilistic limit state, where both 

tASET and tRSET exhibit scattering and uncertainties. The failure range of the limit state function 

Z is then defined as 

Z(x) = tASET – tRSET ≤ 0  (10.10) 

It is the totality of the combinations of values with which equation (10.10) results in less than 

or equal to zero, where x is a vector of the parameters with an uncertainty. If tASET and tRSET 

with its stochastic parameters mean  and standard deviation  are known and can be 

assumed to be normally distributed, the conditional probability pf,fi of unsuccessful evacuation 

in the case of a dangerous fire can be calculated using equation (10.11): 

 𝑝f,fi = 𝛷 [
−(𝜇𝑡𝐴𝑆𝐸𝑇

−𝜇𝑡𝑅𝑆𝐸𝑇

√𝜎𝑡𝐴𝑆𝐸𝑇
2 +𝜎𝑡𝑅𝑆𝐸𝑇

2
] = 𝛷(−𝛽fi)   (10.11) 

Here μ is the mean and σ the standard deviation of the stochastic variables tASET and tRSET. 

Where 𝜙() is the function standard normal distribution and βfi is the reliability index in case of 

fire.  

Generally, neither the distribution parameters of tASET and tRSET are known a priori, nor do they 

necessarily follow a normal distribution. In this case, the probability of failure has to be 

calculated with much more sophisticated methods like the First Order Reliability Method 

(FORM) or the (optimized) Monte Carlo Method for simulation-based approaches. These 

methods themselves require a large amount of computing time, which is why they currently 

cannot be easily coupled with fire simulation models, which are also computationally intensive. 

Further research is needed here. In the following, the procedure is therefore explained by 

means of two examples. 
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 Example for probabilistic recalculations with simple models 

As an example, for the standard scenario according to Table 10.7, the probability of an 

unsuccessful evacuation is calculated using simple models for a 200 m² large and 4 m high 

place of assembly. The models used - the zone model [10.41] and the evacuation model 

[10.33] - correspond to the typical case of simple engineering methods. In a first step, the 

necessary parameters were identified and described with stochastic models based on 

literature references (Table 10.8) (see also [10.43]).  

Due to the limited sources, all parameters were assumed to be on the safe side as normally 

distributed with conservative mean values and standard deviations. Therefore, the result can 

also be assumed to be on the safe side. 

Table 10.8 Stochastic parameters for the verification with simple models 

Parameters Mean value Standard deviation 

Max. heat release rate 2000 kW 500 kW 

Fire growth duration up to 1 MW 300 s 80 s 

Person density per m² at the beginning 2.0 P/m² 0.5 P/m² 

Used area per person in the crowd flow 0.1 m² 0.0125 m² 

Reaction time 60 s 15 s 

 

The performance criterion used to determine tASET was a low-smoke layer height of 2.5 m 

(category: hindrance to escape). The optimized Monte Carlo method "Adaptive Importance 

Sampling" (AIS) according to [10.43] was used as calculation method. For the calculation of 

the failure probability about 1200 simulations were needed. The analyses resulted in a failure 

probability under the condition that a dangerous fire occurred of pf,fi = 6.28∙10-2, which 

corresponds to a reliability index βfi = 1.5.  

The sensitivity analyses showed that the fire growth duration with 77 % and the reaction time 

with 22 % have the greatest influence on the probability of failure and therefore together 

contribute 99 % to the overall variance (Figure 10.6).  

If this tendency should be confirmed in future calculations, it appears reasonable to ensure the 

required reliability for simple verifications by appropriately selected characteristic values for 

the fire growth duration and the reaction time. 
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Figure 10.6 Sensitivities for the reliability calculation with a smoke layer height of 2.5 m as 

performance criteria (the fire development time until 1 MW is the clearly dominant 

parameter) 

For the derivation of a maximum permissible target failure probability pf,target, which should be 

compared to the calculated failure probability pf, the procedure is analogous to the safety 

concept for the design of the components. This depends on the choice of the performance 

criterion. Since when using a performance criterion such as the low-smoke layer with a height 

of 2.5 m, unlike, for instance, the performance criterion FED, personal injury does not have to 

be expected immediately if the performance criterion is not met, it is possible to orientate 

oneself on the target reliability for the serviceability limit state checks for components. This 

target failure probability is thus pf,target = 1 x 10-5 (β = 2.9). 

Since the probability of failure pf,fi applies under the condition that a dangerous fire has 

occurred, the (low) probability pfi of at least one fire in the unit of use can also be taken into 

account. In analogy to the safety concept for structural components according to Chapter 10.4 

and [10.35], a reference period of one year is taken. For the example examined, Table 10.3 

(last column) is used to select a general annual probability of occurrence p1 = 0.02.  

As a measure to prevent the spread of a fire, manual firefighting by the users can be 

considered with a failure probability p21 = 0.5 according to Table 10.4, since a fire fought by 

the users usually does not develop into a dangerous fire anymore. Firefighting by the fire 

brigade usually starts only after completion of the self-rescue, so that the failure probability of 

the fire brigade's extinguishing measures is not relevant here and is assumed with p22 = 1.0. 

Assuming that the occurrence of the fire, the manual firefighting by the users and the falling 

below the low-smoke layer height are independent of each other, the probability that a fire will 

result in a fall below the limit value for the low-smoke layer of 2.5 m before the last person has 

left the room is 

𝑝𝑓 = 𝑝1 ⋅ 𝑝21 ⋅ 𝑝22 ⋅ 𝑝f,fi = 0.02 ⋅ 0.5 ⋅ 1.0 ⋅ 0.0628 = 6.28 ⋅ 10−4 1/a  (10.12) 

The associated reliability index is β = 3.22 and is thus above the value β = 2.9 for verifications 

of the usability of supporting structures according to [10.24]. The conditional failure probability 
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in of the event of fire (pf,fi = 6.28∙10-2 or βfi = 1.5) determined in the present example with 

conservative assumptions for the input variables is obviously sufficient because if the smoke-

free layer height of 2.5 m is not reached, escape is impeded but not prevented. There is 

therefore no direct danger to persons. 

To illustrate the conservative nature of the chosen performance criterion (low smoke layer with 

a height of 2.5 m), the reliability assessment was repeated again with identical models and 

input values, but this time a less conservative performance criterion of a low smoke layer height 

of 1.8 m was used. This results in a conditional probability pf,fi = 0.26 %, which is lower by a 

factor of 25, that the low-smoke layer height of 1.8 m is undercut in the event of a fire before 

all persons have left the room: 

𝑝𝑓 = 𝑝1 ⋅ 𝑝21 ⋅ 𝑝22 ⋅ 𝑝f,fi = 0.02 ⋅ 0.5 ⋅ 1.0 ⋅ 0.0026 = 2.6 ⋅ 10−5 1/𝑎   (10.13) 

This corresponds to a reliability index β = 4.0, which is almost in the range of the reliability (β 

= 4.7) to be aimed for according to [10.24] or [10.35] for ultimate limit states of load-bearing 

capacity.  

 Influence of fire protection systems using the example of a fire detection system 

In order to be able to quantify the influence of fire protection systems, it is necessary to include 

them in the system taking into account their failure probability. For instance, the influence of a 

fire detection system with building-internal alarm will be considered here. Although it does not 

have a direct effect on the course of the fire like a sprinkler system, it can contribute to a 

significant reduction of the reaction time by early detection of the fire and subsequent alarming, 

as is already envisaged to some extent in Pursers model [9.1]. 

In order to maintain comparability, the previous example is taken over unchanged, but now a 

normal distribution with a mean value of 45 s at constant standard deviation (15 s) is assumed 

for the response time with a functioning fire detection system with alarm. The calculation of the 

conditional probability of failure for the performance criterion smoke layer height of 2.5 m for a 

fire and a functioning BMA with alarm chain yields pf,fi,BMA = 1.96∙10-2. 

However, the fire detection system with alarm chain may fail on request. In Chapter 7, a 

probability of failure of pf,BMA = 0.00092 is given with reference to tests of fire alarm systems 

conforming to standards, which are installed and regularly maintained by certified service 

providers. In view of the fact that not all fire detection systems in use are designed, installed, 

operated and maintained in accordance with the recognized rules of technology, it is 

recommended to assume a value of pf,BMA = 0.05, which is on the safe side, for future safety 

concepts. If the fire detection or the alarm fails, the scenario already calculated above with the 

conditional probability of failure pf,fi = 6.28∙10-2 will occur. The interrelationships are shown in 

the Figure 10.7 as a system (according to Albrecht [10.27]). 

The probability of failure of the system is mathematically simplified to 

 𝑝𝑓 = 𝑝1 ⋅ 𝑝21 ⋅ 𝑝22 ⋅ [𝑝𝑓,𝐵𝑀𝐴 ⋅ 𝑝𝑓,𝑓𝑖 + (1 − 𝑝𝑓,𝐵𝑀𝐴) ⋅ 𝑝𝑓,𝑓𝑖,𝐵𝑀𝐴]   (10.14) 

The annual probability that in the event of a fire, the smoke layer will fall below 2.5 m before 

all persons have left the room is calculated with the failure probability pf,BMA = 0.05 to pf = 

2.18∙10-4 if a fire detection system with alarm is present, which corresponds to a reliability index 
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β ≈ 3.5. In the presence of a fire detection system with a chain of alarms the failure probability 

for the rescue of persons reduces by a factor of 2.9.  

  

Figure 10.7 Representation of the fire protection system considering a fire detection system 

with a chain of alarm (approximate solution by multiplying and adding the 

components according to [10.27]) 

A comparison with other systems, taking into account the respective costs, could therefore 

provide an optimised cost-benefit solution without compromising the (required) safety level. 

The case presented here again represents only an exemplary application. In order to be able 

to generally evaluate the influence of equipment-related measures on the reliability of the 

rescue of persons in the event of fire, additional system analyses should be carried out with 

statistically proven failure probabilities. (see Chapters 7.2.4, 7.3.4, 7.4.4). 

 Example for probabilistic recalculations with complex models 

The probabilistic calculation is more complex when using complex calculation models (e.g., 

numerical models of the flow and evacuation simulation), since these usually require 

significantly longer calculation times. For this purpose, a response surface method was 

developed in [10.45] with which such probabilistic analyses are possible with few calculation 

runs under certain boundary conditions. 

For the analyses, the example shown above was adopted and the FED value determined 

during simulation calculations with the FDS software [10.46] near the exits from the fire room 

was selected as the performance criterion. The areas near the exits from the fire room 

represent the design case because this is where most fire fatalities are found during escape 

attempts [10.47] and because congestion can usually form here. The quadratically developing 

fire in the area of the bar was assumed as the design scenario. The available time tASET 

represents the period from the beginning of the fire until the point in time when an FED value 

of 0.3 is reached at one of the exits from the fire room.  

A capacity analysis was chosen for the evacuation in order to simplify it. A slowing down of 

people by smoke was neglected, because the congestion in front of the doors causes a slowing 

down anyway. The stochastic models, whose parameters were assumed to be normally 

distributed, are shown in Table 10.9.  

The conditional probability that in the event of a fire at one of the doors an FED value of 0.3 is 

reached or exceeded before all persons have left the fire room is now calculated as pf,fi = 
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9.22∙10-7. This value for the performance criterion "Prevention of escape" with an FED value ≥ 

0.3 is, as expected, far below the conditional failure probability for performance criterion 

"Hindrance to escape" with a low smoke layer height ≤ 2.5 m. The probability of failure of the 

rescue of persons in the event of fire in relation to a reference period of one year results 

analogously to the example in chapter 10.5.6 at pf = 9.22∙10-9, which corresponds to a reliability 

index β = 5.6 and is thus somewhat higher than the value of the target reliability for limit states 

of load-bearing capacity (β = 5.2 for high damage consequences CC3) which is used here as 

a comparative value. If instead of the performance criterion of the FED value (prevention of 

escape) the performance criterion of maintaining a low-smoke layer height of 2.5 m 

(performance criterion obstruction of escape) is chosen, greater failure probabilities should be 

expected. On the other hand, the value for the target reliability is then based on the 

serviceability limit state (β = 2.9). 

This is an indication that the standard verification for compliance with a low-smoke layer height 

of 2.5 m guarantees conditions for the rescue of persons that are on the safe side.  

Table 10.9 Stochastic parameters for verification with complex models 

Parameters Mean value Standard deviation 

Max. heat release 2500 kW 250 kW 

Fire growth duration up to 1 MW 300 s 50 s 

Carbon Monoxide Yield 0.1 g/g 0.02 g/g 

Reaction time 60 s 12 s 

Walking speed 1.2 m/s 0.12 m/s 

Number of persons in the room at t=0 300 Pers 30 

Capacity of the doors 1.39 Pers/m/s 0.139 Pers/m/s 

 

An analysis of the sensitivities, as shown in the Figure 10.8, shows that the decisive influencing 

variables here are the duration of the fire (67 %) and the number of people (16 %). The door 

capacity (8 %), CO concentration (5 %) and reaction time (4 %) play only a minor role in this 

case. 

  

Figure 10.8 Sensitivities for the calculation of the reliability with the FED value as performance 

criterion 
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For parameters with a high sensitivity, a partial safety factor should be specified in addition to 

a suitably selected characteristic value when a suitable safety format is subsequently defined. 

For parameters with medium influence, the characteristic value may be sufficient. 

It is becoming apparent that an additional partial safety factor is required for the corresponding 

verifications of life safety, above all for the duration of fire development, as was already 

recommended in principle in [10.48]. The other influencing variables could be used with 

conservatively chosen characteristic values (nominal values) without additional safety 

elements. 

Also in this verification, fire protection systems with their respective failure probability can be 

included in the analyses and quantified with regard to their effectiveness analogously to 

Chapter 10.5.7. An example can be found in [10.45]. 

On the basis of the reliability analysis according to Chapter 10.5.6, a safety concept with a 

global safety factor  according to equation (10.9) could also be calibrated in such a way that 

a target failure probability is complied with for the respective performance criterion with a 

certain tolerance. 

 Performance criteria and reliability requirements 

Depending on the nature of the performance criterion, comparable criteria of proof should be 

created, which include the following information: 

 The performance criterion itself, 

 The permissible limit value, 

 The place or method by which the value is recorded, 

 The period of consideration, and 

 The admissible probability. 

A well-formulated probabilistic performance criterion could be, for instance:  

"An optical density of 0.1 1/m measured at a height of 2.5 m at the exit from the room to be 

verified (tASET) may only be undercut with a maximum permissible probability of failure pf,fi in 

the event of a fire during the required evacuation time, i.e. the time until the last person has 

passed the exit (tRSET).”  

For verifications with the performance criteria of the low-smoke layer height, which only 

describe a hindrance to escape, the maximum permissible failure probability is pf = 1.9∙10-3 

[1/a], in accordance with the method described in DIN EN 1990 [10.24], Annex C for 

serviceability limit states with medium consequences β = 2.9. If a bandwidth of =  0.5 is 

allowed for smaller or larger consequences, the annual probability of failure pf should lie 

between max pf = 8.2∙10-3 and min pf = 3.4∙10-4 [1/a]. 

If the verification is carried out with the performance criteria FED value, which considers the 

prevention of escape, the target failure probability should be chosen in the same order of 

magnitude as for verifications of load-bearing capacity. For average damage consequences 

this means pf = 1.3∙10-6 [1/a], corresponding to β = 4.7 with a range of = 0.5 for smaller or 
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larger consequences (e.g., smaller or larger number of persons affected) between max pf = 

1.3∙10-5 and min pf = 1.0∙10-7 [1/a].  

Concrete definitions of the performance criteria and target failure probabilities should be 

developed in the framework of further research projects and should be based on comparative 

calculations with the reliability methods described above for different buildings that comply with 

the applicable prescriptive regulations and standards. Subsequently, a suitable safety format 

- with partial safety factors i for individual parameters with a particularly large influence on 

reliability or with a global safety factor  for the required evacuation time - can be developed 

and calibrated using reliability verifications for a representative selection of buildings. 

Even in performance-oriented concepts, some elements must be defined prescriptively. 

Examples of this are the scenarios and performance criteria to ensure comparability and 

testability. Specifications should also be made for the approach of equipment-related fire 

protection measures. For instance, only a sprinkler system that is designed, approved and 

maintained in line with the relevant standards can have the high level of availability and 

effectiveness required in the safety concept. 

In addition, there are also basic requirements that cannot be replaced by performance-oriented 

approaches, e.g., the requirement for two independent escape routes above a certain room 

size or number of persons. These elements should be identified, calibrated and specified. 

10.6 Proof of effective firefighting operations 

In recent years, the fire safety objective of "effective firefighting operations" as defined by the 

statutory authorities has also become the focus of attention and has led to controversial 

discussions in practice. These were triggered by a position paper of the expert commission for 

construction supervision of ARGEBAU (conference of German building ministers) [10.49]. In 

this paper it is clarified that the safety objective "Rescue of persons" is achieved in standard 

buildings solely by complying with the material requirements for the design and dimensioning 

of escape routes in accordance with regional building regulations. Particular measures for 

smoke extraction in the event of a fire are therefore not required for this fire safety objective. 

However, smoke extraction measures may be necessary in order to ensure sufficient visibility 

for the fire brigade and thus enable effective extinguishing work to be carried out. With this in 

mind, the expert commission for building supervision has reviewed and revised various special 

building regulations (regulations governing sales premises and places of assembly, guidelines 

for industrial buildings). 

It is undisputed and qualitatively comprehensible that in the event of a fire, the fire brigade can 

find the source of the fire more quickly and fight the fire more effectively if visibility is sufficient. 

However, it remains unclear to what extent keeping an area free from smoke contributes to the 

success of firefighting operations, i.e., whether it influences the failure probability of the 

firefighting system according to Chapter 10.4.2. 

In order to quantitatively evaluate this influence, a model is needed for the effectiveness of 

firefighting operations carried out by the fire brigade, as described in simplified form in Chapter 

7.6.1.4 of the guideline. The model is based on the following limit state equation, in which the 
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fire area AF, which increases with the duration of the fire, is compared with a maximum 

controllable fire area AF,max  

       
2

F,max F act F,max aus act
Z A A (t ) A (v t )  (10.15) 

In order to determine the fire area AF, the internationally accepted approach for the heat 

release rate in the fire growth phase ( ∙t² approach) is transformed by assigning a numerical 

value for the fire growth rate vaus to the characteristic value for the fire growth . In example 

calculations the rate of fire development was assumed as follows: 

vaus= 0.4 m/min  for a medium fire growth  

vaus = 1.0 m/min for rapid fire propagation  

Information about the fire areas AF,max which can be controlled by the fire brigade can hardly 

be found in the literature. Only with regard to ground floor industrial buildings, clear parameters 

can be found in [7.16]. Alternatively, in Chapter 7.6.2 probabilities of failure p22 for the 

firefighting work of the fire brigade as a function of the intervention time for two different 

controllable fire areas AF,max = 200 m² or 400 m² were determined in parameter calculations 

and compared with empirical values from practical application.  

Theoretically, the size AF,max offers the possibility to consider the performance of the fire 

brigade, e.g. according to the number of firefighters and/or jet pipes, a better extinguishing 

water supply, a clearer building or better visibility conditions due to smoke extraction: 

 AF,max = f(fire brigade, extinguishing water, building, smoke extraction) (10.16) 

To get reliable statements, however, statistical data is required which can only be provided by 

nationwide fire statistics. In Germany, it is well-known that there are large deficits in this area, 

which means that short-term results cannot be expected quickly. Since the last edition of this 

guideline, no significant changes have been recorded in this respect. However, in 2017 the 

Technical Committee Preventive Fire and Hazard Protection of the German Fire Brigades (FA 

VB/G) has published an evaluation sheet on measures of preventive fire and hazard protection 

[10.50], which can be used as a basis for a uniform data collection. If the application of the 

evaluation form is accepted by the German fire brigades, a reliable database can be expected 

until a further edition of this guideline is published, which will allow further investigations and 

the development of a safety concept for the fire safety objective "effective firefighting 

operations" analogous to the concepts described above for the safety objective "constructive 

fire protection" and "evacuation in case of fire". 
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Annex 1 Terms, symbols and units 

 

Terms/ 

characteristics 

Symbols/Units Explanation 

 

Mass loss [kg] Burnt mass of the fire load after defined fire duration.  

Loss of mass measured in the fire test with a 

combustion balance. 

Mass loss rate  
[kg/s] 

Burnt mass of the fire load per unit of time.  

The rate of combustion is linked to the heat release 

rate via the effective calorific value: .  

It corresponds to the pyrolysis rate in the case of fire 

load controlled fire progress. 

Mass loss rate, 

per unit surface 

area 

 
[kg/(m²·s)] 

When using "material parameters" for the area-related 

burnup rate, it should be noted that the reference area 

(m²) is the area of the burning surface and not the 

base area on which these objects are located [4.26]. 

Mass loss rate, 

per unit area 
 

[kg/(m²·s)] 

Mass of combustible material burned per unit of time 

and area, in relation to the base area  

Decay phase - Phase of the fire, following the full fire phase with 

clearly decreasing fire performance. 

Activation time t 

[s] 

Time interval between the response of a transmitter 

and the full operational readiness of an extinguishing 

system, smoke extraction system, alarm system or 

other fire protection system 

Accepted  

probability of 

occurrence 

 The probability of occurrence of possible scenarios 

that can be regarded as generally accepted by society 

(e.g. because it cannot be further reduced with 

reasonable effort). 

Generally 

accepted limits 

 Limit values can be regarded as generally accepted if 

they are generally applied and defined, for example, 

in technical rules or other pre-normative principles. 

Assessment values that are used as the basis of 

aaRdT or of building regulations are generally 

recognised. 

equivalent time of 

fire exposure 

(according to DIN 

18230) 

teqv 

[min] 

Time in minutes at which the same effect (e.g. 

temperature at or in the component) is achieved in the 

considered component in a standard fire according to 

ETK as in a natural damage fire. 

Yield Y [g/g] Formation or release components for fire products 

such as soot and pollutants during combustion. 

m

  effQ m H

m''

m ''
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Terms/ 

characteristics 

Symbols/Units Explanation 

 

Design fire 

 

- Quantitative description of a design relevant fire 

development by the (usually time-dependent) heat 

release rate or combustion rate as well as, if 

necessary, further fire characteristics such as e.g. the 

yield of combustion products or the smoke potential.  

In connection with a (calculative) verification method, 

one also speaks of the determination of a suitable 

source term. 

Design fire 

scenario 

- A defined fire scenario with which a fire protection 

analysis or a fire protection design is carried out.  

It contains information on the fire location and details 

of the fire event, including the ignition sources and 

materials involved and the influences of persons, 

technical safety systems and other technical plant 

equipment. 

Fire spread 

velocity 
 

[m/min] 

Rate of flame spread on the surface of the fire origin 

in horizontal or vertical direction [4.26]. 

Fire effects - Phenomena caused by the fire, such as a release of 

energy and substances with emissions of particles 

and harmful substances. 

Fire actions - Phenomena of a fire affecting the environment (e.g. 

people, animals, components), such as heat exposure 

and particle and pollutant emissions. 

Fire growthfactor  
[kJ/s³] or 

 [kW/s²] 

Parameter for determining the heat release rate 

during the fire growth phase: 

α =1000 kW / tα2 

Characteristic fire 

growth time 

 

tα[s] 

Duration of α-t² fire growth until a heat release rate of 

1000 kW is reached. 

 

Fire area AF [m²] Area (here "floor area") on which combustion is 

currently taking place. 

Fire origin - Location (see fire location) and size of the fire at the 

beginning of the design fire. 

Fire load  
[kJ] 

Amount of heat that can be released during the 

complete combustion of all combustible materials in a 

(room) volume including the cladding of all adjacent 

surfaces. 

Fire load density 
 or  

[kJ/m²] or 

[kWh/m²]  

Fire load, related to the reference surface to be 

applied. Calculated value for the amount of heat 

released in case of fire; has an influence on the 

burning time and on the fire room temperature. 

Fuel controlled - The fire performance is only determined by the 

burning rate and the combustion efficiency. There is 

sufficient oxygen available for combustion. 

Heat release rate 
 [kW] 

Synonym for heat release rate. It contains a radiative 

rad and a convective component conv 

ausv



Q

q q"

Q

Q Q
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Terms/ 

characteristics 

Symbols/Units Explanation 

 

Heat release rate, 

per unit area  or 

[kW/m2]. 

Synonym for heat release rate, related to the area 

above which the burning materials are located. 

Fire location - Location of the current fire event in a room. 

Fire phases 

(stages) 

- Classification (often schematic) of the fire progess into 

specific time phases (stages), which have one or 

more characteristic common features. 

Fire source - Term used to identify fire modelling in certain 

calculation models (see Chapter 5). 

Fire room - Room in which the source of the fire is initially located 

and in which mass loss occurs in the further fire 

progess. 

Fire regime - Dependence of the fire course on the oxygen supply: 

fuel controlled or ventilation controlled. 

Fire risk - Product of the expected probability of occurrence of a 

fire and its extent of damage. 

Fire protection 

report 

- Object-related fire protection planning with 

documentation. 

Fire effluents - Decomposition products of the burning material 

released during combustion, such as smoke particles 

or carbon monoxide. 

Combustibles, 

flammable 

- Flammable materials which may be ignited and may 

burn during the fire process. 

Fire scenario  - Description of the type and chronological sequence of 

events which influence the fire process and can also 

be influenced retrospectively by the fire process. 

These events are typically related to the building 

structure, ventilation conditions, fire protection 

facilities, extinguishing measures and/or the 

behaviour of persons. From a 

technical point of view, a fire scenario is understood to 

be the initial and boundary conditions necessary for 

the performance of a (mathematical) proof with a 

suitable model. 

Fire progess 

curve 

- Representation of the temporal development of the 

heat release rate (initial, fully-developed fire, decay 

phase) 

Gross heat of 

combustion 

 (previously: 

upper calorific 

value Ho) 

HS 

 [kJ/kg] or 

[kWh/kg] 

Measure for the specific thermal energy per 

measurement unit. Testing in the bomb calorimeter 

according to DIN 4102-1 and DIN EN ISO 1716. 

Deterministic - Quantitatively determinable, as the result of a fixed 

relationship between a certain starting position and a 

result. Opposite of probabilistic (considering the 

probability). 

q q
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Terms/ 

characteristics 

Symbols/Units Explanation 

 

Emissivity  

[-] 

Quotient of the radiation produced by a radiation 

source and the radiation that would be produced at 

the same temperature by a Planckian radiator. 

Escape 

 

- Self-rescue. Leaving a potentially or actually 

endangered area with your own power. The escape 

ends as soon as the endangered area is left. 

Initial fire  - The fire is spatially localized (see fire origin). This 

means that it is limited to one object or a contiguous, 

spatially narrowly defined group of objects. 

Required safety 

level 

 Specified safety level, expressed in terms of design 

values, that covers the specified design situations 

lying on the safe side. 

Evacuation - Planned and organised transfer of persons from an 

area of indirect danger. 

Expert judgement - Assessments by experts using their expert 

knowledge. 

Flashover - Transition to a fire stage in which the entire surface of 

the combustible materials in a (closed) space is 

involved in the fire (fully-developed fire).  

The flashover is characterized by a very steep rise in 

the fire progess curve. 

Flashover 

temperature 

[°C] Temperature of the hot gas layer at which the 

flashover is initiated. 

Flashover time [s] Time at which the flashover occurs. 

Fire growth rate 

at flashover 
 

[kW/s] 

Calculated value for the increase in the heat release 

rate from the onset of the flashover. 

Escape route 

 

- Traffic routes which have to meet special 

requirements and which are used for escape from a 

potentially dangerous area and, as a rule, also for the 

rescue of persons. Escape routes lead to a safe area 

or directly into the open. 

Fire resistance  Ability of a test specimen to withstand a certain 

(standard) fire for a defined period of time or to 

provide protection against a fire. 

Endangerment  Potential source of damage. Danger specifically 

related to a certain situation or object. 

Dangerous 

situation 

 A condition in which people, goods or the environment 

are exposed to one or more hazards. 

Danger  Possibility of a hazardous situation. 

Geometric fire 

model 

- Model for determining the fire progress curve using 

the development of the fire area, the mass burning 

rate, the calorific value and the combustion efficiency 

over time. 

Glowing fire - Incomplete combustion with insufficient oxygen 

supply, without flame formation, but with the 

appearance of light. 

fov
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Terms/ 

characteristics 

Symbols/Units Explanation 

 

Limit values  Numerical values for the individual safety objective 

criteria, above which it is to be assumed that the 

safety objective is not achieved. 

Calorific value 

(formerly lower 

calorific value Hu) 

Hi 

 [kJ/kg] or 

[kWh/kg] 

Heat of combustion when completely burnt, describes 

primarily the heat release rate via the area-specific 

mass loss rate. 

 

Effective calorific 

value 
 

[kJ/kg] 

Product of calorific value Hi and combustion efficiency

 
Incubation period 

of fire growth 

[s] Duration of a fire before the calculated start of the fire. 

(Before the start of the design fire.) 

Performance 

criteria 

 Quantitative criteria that provide an acceptable basis 

for assessing the safety of a design proposal for a 

structural installation. 

Exceeding or falling short of the performance criteria 

may indicate that the safety objectives are not met.  

Mass burning 

rate, 

 per unit area  

 
[kg/(m²-min)] 

The mass burning rate allows the determination of the 

area-specific heat release rate in connection with Hi.  

These values refer to the projection of the fire loads 

on the base area.  

Synonym for area-specific mass loss rate  

Possible fire 

scenario 

- Fire scenario that can occur even under very unlikely 

boundary conditions. 

Natural fire - Fire progress which deviates from the normatively 

defined fire progess. It is defined as a design fire on 

the basis of object-specific assumptions for model 

applications. 

Normative design 

fires 

- Nominal temperature-time curves or natural fires 

calculated on the basis of design fires. 

Opening 

condition 

- Criteria, how or under which conditions the opening 

areas and the volume flows change in the progress of 

the fire. 

Personal safety  Persons can generally be considered safe if they are 

in a safe space (= in the context of fire protection in 

an area not affected by critical media or temperatures) 

or if they are in an area that is affected by critical 

media but does not exceed the generally accepted 

limits. 

Plume - Above the fire origin, rising flow of smoke and heat 

with a variable temperature, speed and mass. Its 

modellability starts only from a certain height above 

the burning objects. 

Pyrolysis 

products 

- Thermal decomposition products or vapours resulting 

from the action of heat on a combustible material. 

  eff iH H


abv

m"
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characteristics 

Symbols/Units Explanation 

 

Pyrolysis rate [kg/s] Mass [kg] of pyrolysis products or vapours released 

from the combustible material per unit time. 

Corresponds to the mass loss rate in the case of fuel 

controlled fire progress. 

Source term - The description of the heat release rate and the time 

release of fire products. 

Smoke particle 

mass generation 

portion or 

 smoke yield or 

yield 

Y 

 e.g. YRuß 

 [gRuß/gverbrannter 

Stoff] 

Mass portion of the smoke particles released from the 

fuel mass by combustion, typical yields with relevance 

for detection methods the soot yield YRuß or Ys as well 

as the yields for carbon monoxide and carbon dioxide 

YCO or YCO2. 

Mass optical 

density 

Dm 

 [m²/kg] 

Measure of the visual opacity of fire smoke (optical 

smoke density); essentially dependent on the material 

composition of the combustible material and the 

ventilation conditions (for further details see chapter 

8). 

Eviction  Emptying a building or part of a building due to a 

potential or real danger to the persons concerned. 

Evacuation in unforeseen cases with an acute need 

for action, which mainly leads to self-rescue. 

Escape route  Rescue routes are traffic areas which are both 

intended for the escape of persons from acute danger 

situations and are also to be used as attack routes by 

emergency services. 

Risk  Measure for the extent of a danger. Product of the 

probability of occurrence of a damage and its extent 

of damage [€; injured persons]. 

Risk analysis 

 

- 

 

Systematic use of available information to identify 

hazards (for individuals or population groups, 

property, plant and equipment or the environment) 

and assess risks. 

Risk assessment - Procedure based on risk analysis to determine 

whether an acceptable risk has been exceeded. 

Weighing up advantages and disadvantages and 

determining which risks are acceptable or have to be 

accepted.  

Oxygen supply - Oxygen available for combustion in the combustion 

chamber. 

Damage - Injury or damage to human health or damage to 

goods or the environment. 
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Extent of damage  To quantify the extent of damage resulting from a 

scenario that has occurred. Type and manner of 

determination not regulated. In the case of buildings, 

often the cost of restoration. 

The criteria of the extent of damage are the same as 

those used for the concretization of the safety 

objective, because the safety objective always aims at 

limiting the extent of damage. 

Smouldering fire - Incomplete combustion with insufficient oxygen 

supply, without flame formation or apparence of light 

Security  Absence of hazards of a condition that is unattainable. 

A condition is considered safe if it contains a 

comparably small or unaccepted risk.  

Safety factor  Factor between a nominal value (in a technical rule 

e.g. fractile value) and the value to be used in the 

design. 

Security format  Design equations (in terms of E(effect) < 

W(resistance)) for the respective verifications using 

nominal values and safety factor(s). 

Safety concept  Definition of a safety format and of nominal and, via 

safety factors, design values to ensure a level of 

safety. 

Safety level/ 

existing safety 

level  

 Level of safety provided by safety factors and nominal 

values (expressed, for example, by the reliability index 

β or a probability of failure pf), which represents the 

majority of design situations by design values on the 

safe side. (used for policy compliance) 

 

Special 

construction 

 Building of a special type or use that fulfils at least 

one of the elements of the facts in §2 Para. 4 MBO. 

Thermal impulse  Product of heat flux density and exposure time (used 

as criterion for the ignition of materials by heat 

radiation). 

Ventilation 

controlled fire  

 Fire growth at an oxygen supply which is not sufficient 

for complete combustion within the fire area.  

Synonym for an underventilated fire. 

Combustion  Exothermic, complete or incomplete oxidation of 

pyrolysis products. 

Combustion 

efficiency 
 

 [-] 

Ratio of heat released in a fire to the maximum 

possible heat resulting from the calorific value Hi and 

the pyrolysis rate. 

Fullydeveloped 

fire 

- All flammable materials present in a certain part of a 

room ("fully-developed fire" on a partial area) 

participate in the fire. 


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Fully-developed 

fire 

- Fire stage in which the entire surface of the 

combustible materials in a (closed) room is involved in 

the fire. The fully-developed fire always requires 

openings for oxygen supply. 

Fully probabilistic  Verification with probabilistic methods (e.g. reliability 

analysis) in which scattering variables with their 

distributions and corresponding parameters are used 

for all relevant (i.e. significantly influencing) 

parameters. 

Full probabilistic 

projections 

 Forward calculation based on probabilistic methods 

and scattering input variables for the essential 

parameters using the reliability index β as a measure 

of the safety level. 

Incubation period [s] See incubation time. 

Forward 

calculation / 

principle of 

forward 

calculation 

 Calculation of the existing safety level (expressed by 

measures of any kind) using (probabilistic) methods, 

in which design situations are recalculated using 

generally accepted design methods. 

Calculations for quantifying design situations on the 

basis of deterministically determinable parameters in 

combination with scattering parameters, taking into 

account their distribution functions. 

Heat release Q [kJ] Thermal energy generated by combustion (heat 

quantity). 

Heat release rate 
 [kW] 

Heat released per unit of time during the combustion 

of a material. For verification purposes, it is important 

to distinguish between the convective component 

(which is available as the source term for the buoyant 

convection flow of the combustion gases) and the 

radiation component. 

Heat release rate, 

per unit area  
 [kW/m2] 

 

or 

 [kW/m2] 

The area-specific heat release rate is the fire output 

related to the (horizontal) base area of the fire, see 

also DIN 18230-3.                

The area-specific fire output refers to the free surface 

of the combustible material, independent of the 

arrangement on the combustible object.  

see also ISO 5660-1. 

Heat release area 

related 

 Synonym for (area-)related fire performance based on 

the floor space of the fire origin. 

Heat release, 

 specific 

 Heat release rate, related to the free surface of the 

combustibles. 

Heat capacity, 

specific 

cp 

[J/(kg·K)] 

Amount of heat required to raise the temperature of 

an object with a mass of 1 kg by 1 K. 

Thermal 

conductivity 

 [W/(m·K)] Characteristic quantity relating to the speed at which 

heat flows through a material. 

Heat flow 
 [kW] 

Quantity of heat emitted, transmitted or received per 

time unit. 

Q

q

q

Q
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Heat flux  
 or [

kW/m2]. 

Quantity of heat emitted, transmitted or received per 

unit of surface area and time. 

Water admission W         

[mm/s] 

Area-related volume flow of water delivered by 

activated sprinklers. 

Active area [m²] Maximum area over which sprinklers are assumed to 

open in the event of fire for design purposes. 

Relevant scenario - Fire scenario with sufficient probability of occurrence 

for the definition of design fire scenarios. According to 

DIN 18009-1, these are a larger number of 

"significant" scenarios whose probability of 

occurrence during the relevant period of time is also 

sufficiently high and which can cause damage / 

effects that must be included in the design. The 

design scenarios are selected or determined / 

developed taking such scenarios into account. 

It is important for design issues that special individual 

scenarios do not have to be applied here, but that 

suitable (covering) scenarios for the design are 

selected or defined / developed. 

Available safe 

escape time;  

ASET 

 Calculated time between the moment of ignition and 

the moment when the conditions change in such a 

way that it can be assumed that the user is 

considered incapacitated and is therefore no longer 

able to escape or successfully complete the escape. 

Initial source - Energy source used to initiate combustion in fire tests. 

The ignition source is also the subject of the design 

fire and the design fire scenario. 

Ignition phase - The combustible material is thermally processed by 

supplying ignition energy in such a way that the 

necessary ignition temperature is reached and the 

additional minimum energy required for independent 

combustion is supplied. 

Reliability - Ability of a technical system to meet the requirements 

of its intended use within given limits. 

  

q q
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Symbol Meaning Unit 
if applicable 

Value 

 Fire growth factor kW/s2 not applicable 

 Heat transfer coefficient W/(m²·K) not applicable 

 constant - 0,44 

c Heat transfer coefficient for convection W/(m2·K) not applicable 

inst Unsteady heat transfer coefficient kW/(m2·K) not applicable 

L 
Additional coefficient for fire protection 

infrastructure 
- not applicable 

 Reliability index - not applicable 

2 Ratio of temperature to velocity in profile - 0,913 

 Combustion efficiency - not applicable 


O2

 Oxygen utilization factor - not applicable 


r
 Radiative fraction of the heat release rate - not applicable 

m Surface emissivity of the structural component  - not applicable 

res Resulting emissivity ( ) - not applicable 

f Emissivity of the flame - not applicable 

 Partial factor - not applicable 

GA 
Partial factor for permanent actions in 

 combination with accidential actions 
- not applicable 

n,c, n,r Factor for taking into account national fire tests - not applicable 

M,fi 
Partial factor for material characteristics under 

fire exposure 
- not applicable 

R, S Partial factors - not applicable 

f m   
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Symbol Meaning Unit 
if applicable 

Value 

fi 
Reduction factor for mechanical effects in case 

of fire (depending on ratio ) 
- not applicable 

𝜅 Kármán constant - ≈ 0,4 

 Thermal conductivity W/(m·K) not applicable 

𝜆1 
average rate of occurrence of initial fires per 

square metre of floor area and year 
- 1/(m2∙a) 

𝜇 
Utilisation factor for structural components 

according to Eurocodes 
- not applicable 

 Kinematic viscosity m2/s not applicable 

 Density of the gas mixture kg/m3 not applicable 

 Density or bulk density kg/m3 not applicable 

ρ̅ Density kg/m3 not applicable 

s Density of the material kg/m3 not applicable 

 Density of ambient air kg/m3 not applicable 

 Gas density of the cold gas layer kg/m3 not applicable 

𝜎 Stefan-Boltzmann-constant W/(m2·K4) 5,67·10-8 

 
Temperature ratio smoke gas layer (Ts) to cold 

gas layer (T) 
- not applicable 

1,1, 2,i 
Combination coefficients according to EC 1 

part 1 
- not applicable 

 Configuration factor - not applicable 

 Temperature °C or K not applicable 

 Temperature difference K not applicable 

a,cr Critical steel temperature °C not applicable 

k,1 kQ G 
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Symbol Meaning Unit 
if applicable 

Value 

g 
Hot gas temperature (in the area surrounding 

the structual component) 
°C not applicable 

m 
Temperature of the structural component 

surface 
°C not applicable 

r 
Radiation temperature of the environment 

Effective radiant temperature of the fire 
°C not applicable 

 Action time min not applicable 

a Thermal conductivity (
λ

ρ⋅cp
) m2/s not applicable 

a 
Basic value of the related fire occurrence 

frequency per square metre and year 
1/(m2∙a) not applicable 

a constant m2/P. 0,266 

b 

Exponent that depends on the type of use and 

the subdivision of the utilization unit (room 

cells) 

- not applicable 

c Concrete covering mm not applicable 

c Courant-Friedrichs-Lewy-number - not applicable 

c Conversion factor (in DIN 18230-1) m2/(kW·h) not applicable 

cp 
Specific heat  

or specific heat capacity of the cold gas layer 

J/(kg·K) 

kJ/(kg·K) 
not applicable 

cSmoke Smoke concentration g/m3 not applicable 

cRuß Mass concentration of smoke g/m3 not applicable 

cv Specific heat at constant volume kJ/(kg·K) not applicable 

d Thickness of the smoke gas layer m not applicable 

f Similarity factor - not applicable 

fck 
Characteristic value of the cylinder 

compressive strength 
N/mm2 not applicable 

fpk 
Characteristic value of strength (prestressing 

steel) 
N/mm2 not applicable 
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Symbol Meaning Unit 
if applicable 

Value 

fyk, fay 
Characteristic value of yield strength  

(reinforcing/structual steel) 
N/mm2 not applicable 

g Gravitional acceleration m/s2 9,81 

h Building height m not applicable 

hFenster 
Height of the ventilation openings (windows, 

doors, etc.) as air inlets 
m not applicable 

hu,eff Effective calorific value 

kJ/kg 

kWh/kg             

MJ/kg 

not applicable 

hw Averaged, clear height of the openings m not applicable 

 

The energy released per unit of time due to 

combustion and fire side effects in the fire 

room 

J/s = W not applicable 

 

The energy of the smoke gases stored in the 

fire room per unit of time, which determines the 

fire room temperature 

J/s = W not applicable 

 

The energy 

 of the smoke gases (convection 

 energy) released per unit of time by the gas 

exchange (convection through openings) 

J/s = W not applicable 

 
The energy extracted due to window radiation 

per unit of time  
J/s = W not applicable 

 
Other energy lost per unit of time (e.g. energy 

stored in installations) 
J/s = W not applicable 

 

The energy emitted to enclosing structural 

elements due to convection and radiation per 

unit of time 

J/s = W not applicable 

 Heat flux (net heat flux) W/m2 not applicable 

 Convective part of the net heat flux W/m2 not applicable 

 Radiative part of net heat flux W/m2 not applicable 

k Contant (Table 9.7) m/s not applicable 

k 
Temperature-dependent reduction factor for 

strength and modulus of elasticity 
- not applicable 

kVerb 
Factor for describing combustion efficiency 

 (≤ 1,0) 
- 0,80 

ch

gh

lh

oh

sh

wh

neth

net,ch

net,rh
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Symbol Meaning Unit 
if applicable 

Value 

l Length m not applicable 

m 

Mass loss factor (storage type, density) for fire 

loads when determined according to DIN 

18230  

-  

m Mass of the smoke gas inside the room kg not applicable 

min Mass of inflowing air kg not applicable 

mout Mass of outflowing air kg not applicable 

m''̇  areal mass loss rate kg/(m2s) not applicable 

 
Mass of smoke gas flowing out of the fire room 

per unit of time 
kg/s not applicable 

 
Mass of fresh air flowing into the fire room per 

unit of time 
kg/s not applicable 

ṁL Supply air mass flow kg/s not applicable 

ṁO2
 Oxygen mass flow kg/s not applicable 

 Plume mass flow kg/s not applicable 

 Mass flow of the plume at height z kg/s not applicable 

p Pressure in the room Pa not applicable 

p1 
Annual probability of occurrence of an incipient 

fire in the utilization unit  
- not applicable 

P21 Probability of failure of firefighting by the users - not applicable 

P22 
Probability of failure of firefighting by the fire 

brigade 
- not applicable 

p3 
Probability of failure of firefighting by an 

automatic extinguishing system 
- not applicable 

pf Probability of failure - not applicable 

pf,fi Conditional probability of failure in case of fire - not applicable 

pfi 
Probability of occurrence of at least one fully-

developed fire (destructive fire) 
- not applicable 

gm

lm

Pm

Plm
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Symbol Meaning Unit 
if applicable 

Value 

pv Partial vapour pressure Pa not applicable 

p Pressure differentail Pa not applicable 

q Fire load density MJ/m2 not applicable 

qm Mean fire load density MJ/m2 not applicable 

qR Evaluated fire load (according to DIN 18230-1) kWh/m2 not applicable 

r 
Horizontal distance of a sprinkler from the 

plume axis 
m not applicable 

r Radial distance from the plume axis m not applicable 

r Stoichiometric air demand 
kg air/ kg    

fuel 
not applicable 

s Stoichiometric coefficient - not applicable 

t Time 

s 

min 

h 

not applicable 

t 
Fire duration without consideration of the 

ignition phase / smouldering phase 
s not applicable 

t1,fo Time of a possibly occurring flashover s not applicable 

t 

Characteristic fire growth time; the numerical 

value corresponds to the fire duration until a 

fire intensity of 1 MW is reached 

s not applicable 

tact 

Time until the activation of a  

technical fire protection measure (e.g. 

extinguishing system) 

s not applicable 

teqv Equivalent fire duration min not applicable 

tcon Time of fire control by the fire brigade s not applicable 

tsup Time of fire suppression s not applicable 

tt Mixing time - not applicable 

t Time interval s not applicable 
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Symbol Meaning Unit 
if applicable 

Value 

t Discrete time step  s not applicable 

erf tF Calculated required fire resistance time min not applicable 

u Flow speed m/s not applicable 

u* Shear stress speed m/s not applicable 

u or a 
Axis distance of the reinforcement from the 

flamed concrete surface 
mm not applicable 

um or am Mean axis distance mm not applicable 

v Speed m/s not applicable 

vab 

Average specific mass loss rate of the 

substance or mixture of different substances 

(mean value over mass fractions) 

kg/m² min 0.5 to 3.4 

vab Mass burning rate  
kg/(m²·min

) 
not applicable 

vaus 
Fire spread velocity in horizontal direction 

equally fast in all directions 
m/min 0,25 to 0,50 

vjet,t Velocity in ceiling jet m/s not applicable 

w Specific water exposure mm/s  0,07 

w 
Heat extraction factor according to DIN 18230-

1 
- not applicable 

x Spatial discretisation step m not applicable 

x, y, z Space coordinates m not applicable 

z 

Height of the plume above the fire origin area 

or vertical distance between fire origin area 

and the location of the calculation 

m not applicable 

z0 Roughness parameter - not applicable 

z0 Dynamic roughness length  m not applicable 
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Symbol Meaning Unit 
if applicable 

Value 

zs 
Height of the lower boundary of the smoke 

layer  
m not applicable 

zI,1 
Distance of the real fire origin to the boundary 

area between upper and lower layer 
m not applicable 

zI,2 

Distance of the "virtual heat source" from the 

boundary area between the upper hot smoke 

gas layer and cold gas layer 

m not applicable 

A Surface m2 not applicable 

A Pre-exponential factor m/s not applicable 

A 
Floor area of the through fire protection 

separated utilization unit 
m2 not applicable 

Ad(t) Design value of indirect actions - not applicable 

Af Floor space of the fire room m2 not applicable 

AF(t) Fire area (increasing with fire duration) m2 not applicable 

Ai Inner perimeter m2 not applicable 

AF 
Fire area at the beginning of firefighting 

process at time tact 
m2 not applicable 

AF,max Maximum controllable fire area m2 not applicable 

AT Total interior surfaces of the room m2 not applicable 

At Inner surface of the fire room m2 not applicable 

AW Opening area m2 not applicable 

B̃ Mean molecular fraction of the combustible -  not applicable 

C Locally measured concentration - not applicable 

C Empirical parameter in relation to visibility - 2 to 10 

C Material-dependent constant - not applicable 

C0 Initial concentration  not applicable 

CR 
Model parameters dependent on mixing time, 

kinetic viscosity and turbulent kinetic energy 
- not applicable 
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Symbol Meaning Unit 
if applicable 

Value 

CT Constant - 9,115 

D Fire origin diameter m not applicable 

D 
Critical amount of carboyhemoglobin (COHb) 

in the blood, which leads to unconsciousness 
Vol. % not applicable 

Df Fire diameter m not applicable 

Dm Mass optical density (related to DL) m2/g not applicable 

DL Optical smoke density per path length 1/m not applicable 

E Activation Energy J/mol not applicable 

E Internal energy of the smoke gas in the room kJ not applicable 

Ea Activation Energy J/mol not applicable 

Ed,fi Design value of internal forces in case of fire - not applicable 

Ed,fi,t 
Design value of the actions  

according to Eurocode 1 part 1-2 
- not applicable 

Ei internal energy at constant volume kJ not applicable 

EL Heat release per converted mass of fresh air MJ/kgL not applicable 

EO2
 Heat release per converted mass of oxygen MJ/kgO2 not applicable 

F Standardized ratio in the FED model - not applicable 

Fs Specific crowd flow P./(sm) not applicable 

Gk Characteristic value of permanent action - not applicable 

H 
Room height or distance between fire origin 

and ceiling 
m not applicable 

Hhi 

Average calorific value of the substance or 

mixture of different substances (average value 

over the mass fractions) 

kWh/kg 
See DIN 

18230-3 
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Symbol Meaning Unit 
if applicable 

Value 

Hi 
Calorific value of combustible materials         

1kWh = 3,600 kJ 

kJ/kgk 

Wh/kg             

MJ/kg 

not applicable 

Je Jensen number - not applicable 

K Extinction coefficient 1/m not applicable 

Km 
Extinction coefficient per mass unit of 

combustible materials 
m2/g not applicable 

L Luminance cd/m2 not applicable 

L Path length m not applicable 

Lv 
Temperature independent evaporation 

enthalpy 
J/kg not applicable 

LW Extinguishing effect - not applicable 

M Quantity / Mass kg not applicable 

N Number of persons - not applicable 

P Number of users - not applicable 

P̃ Mean molecular fraction of the reaction product -  not applicable 

 Heat release rate kW or MW not applicable 

s 

Heat release rate at time t0, at which the initial 

fire passes from an object fire to a fire 

spreading over the object (start of design fire) 

kW not applicable 

 Heat release rate at time t kW or MW not applicable 

 
Heat release rate under sprinkler protection kW not applicable 

 
Heat release rate upon opening the first 

 sprinkler head (tact) 
kW not applicable 

Qk,1 
Characteristic value of the principle variable 

load 
- not applicable 

Qk,i Characteristic value of further variable loads - not applicable 

Q

Q

Q(t)

Q(t)

actQ(t )
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Symbol Meaning Unit 
if applicable 

Value 

 
Maximum heat release rate during fire control 

by extinguishing system 
MW not applicable 

 Fire performance at which a flash-over occurs kW not applicable 

Q̇max,v 
Maximum heat release rate of the ventilation-

controlled fire 
kW not applicable 

Q̇max,f 
Maximum heat release rate of the fire load 

controlled fire 
kW not applicable 

 Energy loss due to radiation kW not applicable 

 
Maximum fire performance in small rooms with 

limited air supply 
kW not applicable 

 Convective heat output kW not applicable 

 Dimensionless heat release rate - not applicable 

 
Dimensionless heat release rate of the real fire 

origin 
- not applicable 

 
Dimensionless heat release rate of the "virtual 

heat origin” 
- not applicable 

R State variable describing the resistance - not applicable 

R General gas constant J/(K·mol) 8,314 

R Risk Index - not applicable 

Rfi,d,0 Component resistance at time t = 0 - not applicable 

Rd,t,fi Design value of resistance in case of fire - not applicable 

RHRf Heat release rate per unit area MW/m2 not applicable 

RTI 
Response Time Index, measure of the 

response sensitivity of the sprinkler  not applicable 

RMV Respiratory rate l/min not applicable 

 
The fire load converted per unit of time, which 

causes the release of heat 
kg/s not applicable 

S Visibility m not applicable 

LKQ

FOQ

RQ

ventmaxQ

cQ

Q

I,1Q

I,2Q

m s

R
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Symbol Meaning Unit 
if applicable 

Value 

S̃ Average molecular fraction of oxygen -  not applicable 

T Temperature K not applicable 

T Fire room temperature K not applicable 

T Temperature of the surface of the substance K not applicable 

T0 
Temperature of the test specimen at the start 

of the test 
K not applicable 

T 
Temperature of the ambient air or cold gas 

layer 
°C or K not applicable 

Tjet Ceiling jet temperature °C not applicable 

Tjet,t Temperature in the ceiling jet at time t °C not applicable 

Tp Plume temperature K not applicable 

Ts Smoke gas temperature °C not applicable 

TD,t Sprinkler temperature at time t °C not applicable 

THeißgas Smoke gas temperature °C not applicable 

T Temperature difference K not applicable 

Tjet 
Temperature difference between ceiling jet and 

hot gas layer 
°C not applicable 

V Volume of the room (constant) m3 not applicable 

V Walking speed m/s not applicable 

V Dilution ratio ( ) - not applicable 

Vis Minimum visibility m not applicable 

Vl Volume of the air layer m3 not applicable 

Vs Volume of the smoke gas layer m3 not applicable 

VHyp 
Factor for estimating the effect of 

hyperventilation 
- not applicable 

0C C
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Value 

Xk Characteristic value of a scattering value - not applicable 

YRauch Smoke yield rate g/g not applicable 

YRuß Soot yield rate g/g not applicable 

Yi Smoke yield g/g not applicable 

Z 
Limit state function, safety distance between 

acting and resisting variable 
- not applicable 

Zf Average flame height m not applicable 

Zn Position of the neutral plane m not applicable 

Zs Position of the smoke gas layer m not applicable 
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 Application example 

 

An example will be used to illustrate the processing of a fire protection task using this guide. It 

is based on a lecture hall with an adjacent atrium-like office building. Figure A2.1 shows a 

perspective exterior view of the two buildings. 

 

Figure A2.1 General view of lecture hall and office building 

The auditorium building with the dimensions 34 m x 29 m x 12 m (L x W x H) is a place of 

assembly with about 650 seats. During special events, up to 1,000 people can be 

accommodated in the building by additional standing room or seats on steps. The wooden 

seating area, which slopes gently upwards, is divided by aisles (Figure A2.2 ). At the rear of 

the seating is a wall panel with opening areas through which one can reach the entrance to 

the lecture hall. The lecture hall is accessed via a wide staircase from the atrium of the office 

building with its dimensions of 36 m x 27 m x 15 m (L x W x H), the entrance is located on the 

first floor (Figure A2.3 ). Open galleries surround the inner atrium. Escape doors are located 

in the façade on both sides of the building in the area of the stage. 
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Figure A2.2 Floor plan of the lecture hall and office building 

The auditorium building consists of a steel frame construction (columns and beams), the rear 

wall as transition to the atrium is designed as a fire wall (Figure A2.4). The side walls are 

designed as a steel-glass façade. The roof consists of a non-combustible sandwich panel 

ceiling. For smoke removal in case of fire, openable windows for supply and exhaust air are 

available on both sides of the building. 

 

Figure A2.3 Access to the lecture hall from the atrium of the office building 
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Figure A2.4 Steel frame construction of the lecture hall building with columns and beams 

Open galleries surround the inner atrium of the administration building, the access to the 

lecture hall is located on the first floor.  

In the following chapters of this Annex, the individual verification steps are described in a use-

related manner with the aim of an objective-oriented fire protection concept. 

In A2.2, the safety objectives and their implementation on the example project is discussed, 

whereby the public law protection interests in accordance with the MBO [A2.1] and MVStättV 

[A2.1] regard to the number, length and width of the escape routes are in the foreground. 

Subsequently, the relevant fire scenarios are determined and the associated design fires are 

specified. Accordingly, two scenarios are to be examined: 

 A fully developed fire without the effect of extinguishing measures with a heat 

release rate of max. 224 MW is to be used as the design fire for the fire 

resistance specifications of the supporting structure of the lecture hall. 

 A growing fire reaches a heat release rate of 38 MW in the short term after 

intervention by the fire brigade and then subsides. This scenario is used in the 

evaluation of personal safety in the lecture hall. 

In A2.3 a covering temperature-time curve is derived for the evaluation of the construction of 

the lecture hall building, which is further used in A2.4 investigations are based on the 

specifications from A2.2 regarding the fully-developed fire. In A2.4 the fire protection 

verifications of building components and supporting structure (steel frame construction) are 

carried out. Using the temperature-time curve for the hot gas temperature determined in 

accordance with A2.3 into account the temperature-dependent material properties, the load-

bearing capacity of the steel frame structure is determined and evaluated by the following 

alternative verification procedures in accordance with Eurocode 3 Part 1-2: 

 Verification of the individual components using the simplified design method, 

 Determination of the component temperatures and verification of the load-bearing 

capacity with the extended design method. 
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Finally, A2.5 provides evidence of personal safety with the proviso that the previously defined 

safety objectives are achieved or the associated criteria are met, in particular  

 Height of the low-smoke layer, 

 Optical smoke density / detection distance, and 

 Flue gas toxicity / gas concentrations. 

In addition to the fire scenario, the evacuation processes from the lecture hall are evaluated 

by using different models such as the capacity analysis, the dynamic flow model and various 

individual models. The results will be compared with the data in the MVStättV. 

 

The basic public law interests to be protected by appropriate measures in the present example 

of application can be found in the Model Building Regulations (MBO) [A2.1]. According to 

these, structural facilities are to be arranged, erected, modified and maintained in such a way 

that the development of a fire and the spread of fire and smoke (fire spread) is prevented and, 

in the event of a fire, the rescue of people and animals as well as effective firefighting activities 

are possible. 

In addition, the application example falls within the scope of the Ordinance on Places of 

Assembly of the respective German federal state or, as shown here, the Model Ordinance on 

Places of Assembly (MVStättV) [A2.1] due to its dimensioning for a number of visitors well in 

excess of 200. This results in special requirements for escape routes (number, length and 

width) with regard to the protection goal of personal safety under building law. On the other 

hand, relief is provided if a greater room height is available and sufficient smoke removal can 

be ensured so that the escape routes are available for a sufficiently long time, i.e. they can be 

kept low in smoke. The protection objective of a sufficiently high, low-smoke layer that is 

available for a long time should be considered that important because the conditions in the hot 

gas layer pose a great danger to the health and life of persons even at a great distance from 

the fire. In addition, the low-smoke layer is necessary to enable the fire brigade to operate 

safely and effectively. According to [A2.2] the number of visitors and the size of the meeting 

rooms are the most important factors when considering the risk. 

In the present example, the requirements according to § 7 MVStättV are deviated from in such 

a way that the maximum escape route length is moderately exceeded and therefore a 

mathematical verification using engineering methods, as shown in A2.5 required. In order to 

be able to assess the fire effects with regard to personal safety, specific acceptance values 

must be formulated, such as a height of the low-smoke layer of h = 2.5 m. This is composed 

of the average height of a person and a safety factor [A2.2]. The values given in Tables 8.2 

and 8.3 are reference values that can be used to assess the safety of persons. In addition, the 

FED model can be used to derive an assessment variable from the concentrations of the 

harmful gases which is not graded but provides a value that increases continuously over time. 

According to [A2.2] the MVStättV is based on a fire protection concept that differs from the 

MBO, in which a classification of building classes according to the size of the utilization units 

would not be appropriate. Rather, the places of assembly require that the building components 

are to be treated in the same way as building class 5 of the MBO with regard to fire protection. 

That means that they are subject to the same fire protection requirements as buildings with a 
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height of more than 13 m and units of use of more than 400 m2 each. This takes into account 

the increased risks for fire spread and firefighting by the fire brigade. In [A2.1] a fire-retardant 

design - i.e., F 30-B under ETK fire - is therefore required for load-bearing and bracing 

components of ground floor assembly areas. According to [A2.2] this requirement can be 

fulfilled in the steel structure provided in the application example, for example, by a suitable 

protective coating. Whether this measure can be omitted in the underlying fire scenario of a 

natural fire and thus ultimately be allowed to deviate from the requirement "fire-retardant" is 

investigated with the help of the engineering methods in [A2.4]. Furthermore, the MVStättV 

stipulates that the multi-storey office building must be fire-resistant in order to achieve the fire 

safety objectives for the present example. As a boundary condition, the partition wall between 

the lecture hall building and the office building must also be fire-resistant. 

 

 

From Chapter 4 of the guideline, numerous information and possibilities for the development 

of design fires for the individual fire phases can be taken. In the following, design fires, as 

shown schematically in Figure 4.5, will be developed for the application example with the help 

of the guidelines. The developed time courses of the heat release rate are the basis for the 

calculation of the smoke and temperature development with a CFD model. The results of this 

calculation are in turn used as input variables for the evaluation of the stability of the auditorium 

roof and for the proof of evacuation. 

 

 

The underlying design fire scenario excludes a smouldering phase and the effectiveness of 

extinguishing measures and no longer represents a small fire. 

In the application example it is assumed that the source of the fire is located in the middle of 

the room in the rows of chairs and the fire spreads evenly and unhindered to all sides. This 

assumption is justified by the fact that the spatial distance between the rows is too small to 

limit the spread of the fire. Chairs and tables made of wood represent the fire load. Detailed 

information on the type, storage density and quantity of combustible materials will be provided 

later. 

Due to the size of the room and the presumed destruction of window surfaces as a result of 

thermal stress, it can be assumed that sufficient combustion air / atmospheric oxygen is 

available and that a fuel controlled fire is therefore present. A fire alarm is not (initially) reported 

to the responsible fire brigade, since a fire alarm system is not provided and the fire breaks out 

at a time when there are no people in the building. This might be the case at night or on 

weekends. The latter also leads to all doors and windows of the lecture hall being closed. In 

this fire scenario, a fire brigade deployment with the effectiveness of extinguishing measures 

should be deliberately excluded. On the one hand, there is no guarantee that the responsible 

fire brigade will be informed in time without a fire alarm system and without the presence of 

people, and on the other hand, it cannot be ruled out that the fire brigade's intervention will be 

unsuccessful under certain circumstances and that a fully-developed fire will nevertheless 



Annex 2: Application example 

 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 405 / 464 

develop. However, Chapter 4 the guidelines contains information on how the effectiveness of 

extinguishing measures affects a design fire scenario and how this can be described in the 

form of a changed course of the design fire. 

The end of the fire propagation stage and, in this example, the transition to the fully-developed 

fire stage occurs when all combustible materials, i.e. the entire fire load in the lecture hall, are 

involved in the fire and an increase in fire is therefore no longer possible. 

The time course of the heat release rate for the fire propagation phase can be developed with 

the help of normative approaches with low certainty of the fire conditions. In this example there 

is a low degree of certainty because no reliable data can be given on the combustion properties 

(especially the combustion rate). The only reason for this is the missing or insufficiently 

described data material on burning rows of chairs and tables. It is therefore necessary to make 

general assumptions, on the safe side, for which the American approach used in international 

standardization (t² approach) is very well suited. In the application example, the heat release 

time curve for the fire propagation stage can be determined as shown below. 

 

The reliability required for the design of the structure and for the proof of personal safety in the 

event of fire depends on the probability of a damaging fire occurring in a unit of a building and 

the associated damage (damage to components or persons). 

The probability of occurrence pfi of a damaging fire in a unit of use with base area A effectively 

separated in terms of fire protection in a reference period of 1 year can be determined using 

equation (A2.1):  

   fi 1 21 22 3p p p p p  (A2.1) 

with  

p1 Annual probability of an incipient fire in the unit of use, 

p21 Probability of firefighting failure by users, 

p22 Failure probability of firefighting by the fire service, 

p3 Probability of failure of firefighting by an automatic extinguishing system. 

The annual probability p1 of at least one fire occurring in the unit of use can be determined 

alternatively according to equation (A2.2) assuming a fire frequency 1 independent of the floor 

area or according to equation (A2.3) taking into account the (usually disproportionately low) 

increase of the fire frequency with the size of the utilization unit. 

       1 1 1p 1 exp A A
  (A2.2) 

     b b

1p 1 exp a A a A
  (A2.3) 

with 

A Floor area of the fire protection-separated usage unit [m2],  

1 Average incidence rate of incipient fires per square meter of floor area and year 

[1/(m2∙a)], 
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a Basic value of the related frequency of fire occurrence per square meter and 

year [1/(m2∙a)],  

b Exponent that depends on the type of use and the subdivision of the utilization 

unit (room module). 

As a third alternative, a simplified average annual probability of occurrence p1 can be used for 

a typical size (i.e., average floor area) of the area used. 

The second and third alternatives are included in the National Annex to Eurocode 1 Part 1-2 

[A2.3], in Annex BB, with the numerical values shown in Table A2.1.  

For the present assembly center, in accordance with Table A2.1, line 7 p1 is replaced by 

  2

1p 2.0 10
  (A2.4) 

The probability of failure p21 takes into account the initial fighting of the fire in which the user is 

responsible for the fire, p22 applies analogously to the extinguishing measures of the alarmed 

fire brigade. According to English fire statistics, an average of 50 - 70 % of initial fires are 

extinguished by the users (conservatively p21 = 0.5), so that the fire brigade is either not alerted 

at all or only has to carry out supplementary extinguishing measures. 

Table A2.1 Probability of occurrence p1 of at least one initial fire per utilization unit and year 
depending on use (according to [A2.3]) 

Line Use 
Probability of occurrence  

per utilization unit and year 

  p1 ≈ a - Ab p1 

  a [1/(m2 - a)] b [1/a] 

  1 2 3 

1 Residential building 4.8∙10-5 0.9 3.0∙10-3 

2 Office building 5.9∙10-5 0.9 6.2∙10-3 

3 Hospital, nursing home 7.0∙10-4 0.75 3.0E-1 

4 hotel, lodging establishment 8.0∙10-5 1.0 3.7∙10-2 

5 School, educational institution 2.0∙10-4 0.75 4.0∙10-2 

6 Salesroom, office building  6.6∙10-5 1.0 8.4∙10-3 

7 public place of assembly (theatre, cinema) 

other place of assembly (e.g. discotheque) 
9.7∙10-5 

0.75 

1.0 

2.0∙10-2 

1.2∙10-1 

The failure probability p22 of firefighting by the fire brigade depends on the one hand on the 

intervention time and efficiency of the fire brigade and on the other hand on the spread of the 

fire until the beginning of the extinguishing work. For public fire brigades, an average 

intervention time of approx. 15 minutes can be assumed. The intervention time of a private or 

works fire brigade is usually significantly shorter than that of the public fire brigade and, if 

necessary, the strength and equipment is adapted to the specific object, so that the probability 

of failure p22 is lower. Numerical values p22 for firefighting by a public fire brigade or plant fire 

department are given in Table A2.2 (based on [A2.3]). Linear interpolation is permitted between 

the intervention times. 

For the present example, initial firefighting by the users is assumed with p21 = 0.5 and 

firefighting by the public fire brigade with an intervention time of 15 min with p22 = 0.2. 

Altogether, the failure probability of firefighting results in  

  2 21 22p p p 0.1,  (A2.5) 
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which is consistent with earlier assumptions in [A2.4], [A2.5]. 

The failure probability p3 of an automatic extinguishing system depends on the design 

standard. Recommended numerical values p3 for different extinguishing systems can also be 

taken from Table A2.2. 

Table A2.2 Failure probabilities p21, p22 and p3 of firefighting (based on [A2.4]) 

Firefighting by 
Probability of failure 

p21 p22 p3 

User 0.5   

public fire brigade with intervention time 

 < 15 min 

 > 20 min 

  

0.2              

0.5 

 

Works fire brigade with intervention time 1) 

 < 10 min (four seasons) 

 < 10 min (two seasons) 

 
 

0.02            

0.05 

 

Automatic extinguishing system 

 Sprinkler system 

            according to VdS/CEA standard 2) 

            in other cases 

 Other water extinguishing system 

 Gas extinguishing system 

 

 

 

 

0.02            

0.05            

0.1           

0.1 

1)  Automatic fire detection and alarm are required. 
2)  Planning, installation, operation and maintenance in accordance with recognized rules of technology. 

An automatic extinguishing system is not available in the lecture hall building, therefore 

3p 1.0 .   (A2.6) 

This results in the probability of occurrence of a damaging fire according to equation (A2.1) to 

fi 1 21 22 3p p p p p 0.02 0.5 0.2 1.0 0.002        
  (A2.7) 

 

According to DIN EN 1990 [A2.6] the various structures are classified into damage sequence-

classes CC, which are assigned a required reliability index  and a probability of failure pf via 

reliability classes RC, each with reference to one year. These values are generally valid for all 

load cases, including the exceptional load cases such as fire. The reliability index  and the 

probability of failure pf are linked by the function ( ) of the standard normal distribution 

 fp   
  (A2.8) 

For the exceptional situation of a fire, a conditional probability of failure pf,fi in case of fire and 

the associated reliability index fi can be determined from the probability of failure pf and the 

annual probability of occurrence pfi of at least one fire in the unit of use concerned, as follows 

f
f,fi

fi

p
p

p


  (A2.9) 
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 1

fi f,fi1 p   
  (A2.10) 

Here -1 is the inverse function of the standard normal distribution. 

In the National Annex [A2.3], Annex BB, the reliability indices  and failure probabilities pf for 

limit states of load-bearing capacity in the event of fire are specified for specific uses depending 

on the expected damage consequences according to Table A2.3. 

Table A2.3 Guidelines for the reliability index  and the associated probability of failure pf 
(reference period one year) for the fire design of the structure for different utilizations 
(according to [A2.3]) 

Line Use Consequences of damage 

  high medium Low 

  pf  pf  pf 

  1a 1b 2a 2b 3a 3b 

1 Residential buildings, 

office buildings and              

similar uses  

4.7 
1.3∙ 

10-6 
4.2 

1.3∙ 

10-5 
3.7 

1.1∙ 

10-4 

 Building classes according to MBO    4 + 5  2 + 3 

2 

3 

4 

5 

6 

7 

Hospital, nursing home 

Accommodation facility, Hotel  

School 

Point of sale 

Meeting place 

High-rise 

5.2 
1.0∙ 

10-7 
4,7 

1.3∙ 

10-6 
4.2 

1.3∙ 

10-5 

8 Buildings used for agricultural 

purposes 

-- -- 4.2 1.3∙ 

10-5 

3.7 1.1∙ 

10-4 

For the lecture building as a place of assembly, the following applies to the main supporting 

structure, assuming average values (safety index β = 4.7) 

6

fp 1.3 10 
  (A2.11) 

The conditional probability of failure pf,fi and the reliability index fi for the design in case of fire 

are calculated as follows 

6
4f

f,fi 3

fi

p 1.3 10
p 6.5 10

p 2.0 10







   

  (A2.12) 

   1 1 4

fi f,fi1 p 1 6.5 10 3.22          
 (A2.13) 

 

Extensive probability-theoretical investigations in [A2.7] have shown that the fire load density 

q has a decisive influence on the reliability in case of fire due to its large scattering. The next 

most important factor is the maximum heat release rate (HRR) in the phase of a fully- 

developed fire. 

It is assumed that for each of these two influencing variables of fire exposure, 90 % quantiles 

are defined as characteristic values or determined individually. For the design, design values 

are used which are calculated from the characteristic values by multiplication with partial safety 

maxQ
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factors fi. The partial safety factors are specified such that the required reliability according to 

Table A2.3 is met on average for all components and design situations and that the values are 

usually not exceeded or undercut by more than ±fi = 0.5[A2.6]. 

If a Gumbel distribution is assumed (according to international statistics) for the fire load 

density and the heat release rate, then the partial safety factors can be calculated using 

equation (A2.14) as the quotient of the design value in case of fire and the characteristic value: 

   
  

fi

fi

1 V 6 / 0.5772 ln ln

1 V 6 / 0.5572 ln ln 0.9

         
 

 
       

  (A2.14) 

If the fire load density q is taken from the corresponding table in [A2.3] for a single use, the 

coefficient of variation Vq = 0.3 and the sensitivity factor = 0.6. For the maximum heat release 

rate, the coefficient of variation VQ = 0.2 and the sensitivity factor = 0.5. If the fire load 

density is determined in an individual case (as is common in industrial construction, for 

example), the random scatter is smaller. Then the partial safety factor fi can be calculated with 

the coefficient of variation Vq = 0.2 and the sensitivity factor = 0.5. 

The partial safety factors fi determined in this way for the fire load density and the heat release 

rate can be read from Figure A2.5 as a function of the required reliability index fi.  

 

Figure A2.5 Partial safety factors for the influencing variables of a natural fire in relation to the 

defined characteristic values (90 % quantile) 

With fi = 3.22 according to equation (A2.13), Figure A2.5 gives  

fi,g 1.24    for q when determined by service class (A2.15a) 

fi,HRR 1.19    for HRR and for q for individual determination (A2.15b) 

maxQ
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The value for the heat release rate (HRR) also applies to the fire load density q, which is 

to be determined individually for the auditorium building. 

 

According to Chapter 4 of the Guide, the following information is relevant: 

 A ∙ t² approach is chosen for the fire growth stage to cover the most critical case.  

 The source of the fire is located in the middle seating area of the lecture hall (see Figure 

A2.6 ). 

 The fire spreads rapidly ( = 0.04689) over the entire rows of wooden chairs and tables. 

 Partial areas of the window panes fail above 300 °C. 

 

Figure A2.6 Floor plan of the lecture hall building 

maxQ
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The following considerations are used to determine the relevant design values of the fire load 

density q and the maximum area-specific heat release rate. The rows of chairs and tables 

made of wood represent the fire load to be taken into account, which are arranged on an area 

of approximately 20.0 m x 20.0 m = 400 m² (see Figure A2.6 ). If about 30 % of this is subtracted 

for the existing gaps between chair and table or between the individual rows of seats, the total 

fire area AF is  

FA 0.70 400 m² 280 m²     (A2.16) 

The floor area A of the lecture hall is calculated as follows 

A 28.9 m 34.0 m 1.000 m²     (A2.17) 

With a density of the wood of about 500 kg/m³ and an assumed total thickness of all wooden 

parts (seat, table surface, backrest, etc.) of 12.5 cm, the combustible mass is therefore 

FM 500 kg m³ 0.125 m 280 m² 17500 kg      (A2.18) 

The net calorific value of wood (furniture) can be assumed (according to Table A4.1 of the 

School/Classroom Guidelines) to be Hi = 18.2 MJ/kg. The total fire load results in  

maxQ 17500 kg 18.2MJ kg 318500MJ 319 GJ      (A2.19) 

The characteristic value of the average fire load density in relation to the base area is therefore 

f,k maxq Q / A 319000MJ /1000 m² 319MJ m²  
  (A2.20) 

The design value of the fire load density is defined as: 

f,d f,k fi,gq q    
  in MJ/m² (A2.21) 

Where: 

qf,k   the characteristic fire load density in relation to the base area in MJ/m², 

fi a partial safety factor which takes into account the probability of occurrence of 

a fully-developed fire in the utilization unit and the required reliability of the 

components,  

 the combustion efficiency, which generally takes incomplete combustion into 

account on a flat-rate basis; for solid fire loads = 0.8 may be assumed. 

With the corresponding values and taking into account the partial safety factor of fi,HRR ≈ 1.19 

from equation (A2.15b) mentioned above, (A2.21) gives the design value of the average fire 

load density related to the floor area of the lecture hall for the application example of 

f,dq 319 0.8 1.19 304MJ m²   
  (A2.22) 

or the design value of the total fire load to 

f,dQ 304 1000 304 GJ  
  (A2.23) 

If one compares this value with the 90 % fractiles of the fire load densities for different uses, 

the partial safety factor would have to be applied fi = 1.24 for the flat-rate assumption of the 

fire load density. 




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It can thus be seen that the individually determined value qf,k, assuming an identical distribution 

with an identical coefficient of variation, lies between the values given in Table A4.1 of the 

Guide for the theatre/cinema and for lecture halls: 

f,d1.24 0.8 417MJ m² 413MJ m² q 1.24 0.8 195MJ m² 193MJ m²       
  

This can be considered a good agreement and confirmation. 

To determine the maximum heat release rate and the rate at which the fire develops, stacked 

wooden pallets are used as the equivalent fire load. Table A4.2 of the guide contains the 

information required for this. A stacking of a maximum of two wooden pallets is considered a 

realistic assumption of the equivalent fire load. In conjunction with the partial safety factor 

according to equation (A2.15b) fi,HRR ≈ 1.19, the maximum area-specific heat release rate is 

 q 2 0.14 m / 0.5 m 1249 kW m² 1.19 832 kW m²    
  (A2.24) 

This value can in turn be compared with table values for the maximum area-specific heat 

release rate for different fire load arrangements. According to this, for horizontally stored wood 

/ PMMA, where the top surface of the stack burns, one obtains  

q 0.720 MW m² 1.19 0.8576 MW m² ,  
  

so that here too the realistic assumption corresponds with empirical values on an experimental 

basis. 

In order to finally determine the maximum heat release rate on the fire surface, the area-

specific value  should be multiplied by the fire surface AF. The maximum heat release rate is 

calculated as follows 

maxQ 0.832 MW m² 280 m² 233 MW.  
  (A2.25) 

For comparison: Table A4.1, for example, gives an area-specific heat release rate of 250 

kW/m² for an office use (without sprinkler system). This results in a maximum use-related heat 

release rate of 

maxQ 1.19 250 MW 297.5 MW.  
 

Figure A2.7 shows the course of the heat release rate of the design fire as a result of the 

investigation, as evaluated according to the data. 

In addition, different inflowing and outflowing air situations are controlled and estimated on the 

basis of the model, which result when the failure of window panes due to the effects of fire is 

taken into account. 

q
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Figure A2.7 Rated fire load-bearing structure of lecture hall, heat release rate [MW] 

 

 

For the assessment of the personal safety or rescue of visitors in the lecture hall, a scenario 

different from the previous design fire scenario has to be chosen, since it was assumed that 

there were no people in the building at the time of the fire. Furthermore, it is to be assumed 

that at least one fire alarm to the fire brigade will be triggered when people are present in the 

building, so that extinguishing measures are likely to become effective. As the time of the fire 

brigade's intervention cannot be exactly determined, a conservative estimate of 15 minutes 

after the start of the fire is assumed for evacuation. Within this period of time, the fire will 

develop according to the previous design fire due to the otherwise unchanged general 

conditions. It is further assumed that the fire breaks out during a major event, when there are 

about 1,000 visitors in the auditorium, which is actually only designed for 640 visitors. 

 

Analogous to the proof of the load-bearing capacity of the construction in the event of fire, the 

required reliability must also be maintained when it is proven that the escape of persons from 

the utilization unit affected by the fire can be completed before the limit values of the fire effects 

are exceeded. This results from a probability of failure pf, which is valid for all load cases and 

depends on the consequences of the damage, and the probability of occurrence pfi of the fire 

scenario according to equation (A2.1) that is decisive for evacuation.  

With the failure probability pf, a distinction should be made between whether escape from the 

affected unit of use is prevented or "only" impeded by the effects of the fire.  

Preventing escape, e.g., through the toxic effect of the fire gases, means a specific danger for 

the users, which is comparable to that in the case of a fire-related failure of structural fire 

protection measures. Therefore, pf can be taken in principle from Table A2.3. For the lecture 

hall as a place of assembly, the average damage consequences are given as in equation 

(A2.11) pf = 1.3∙10-6 [1/a]. In the present case, in view of the very conservative specification of 

the performance criterion FED ≤ 0.3, relatively low damage consequences are to be expected, 

so that pf = 1.3∙10-5 appears acceptable. 
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This allows the conditional probability of failure pf,fi and the reliability index fi for the proof of 

evacuation in the event of fire to be calculated in the same way as equation (A2.12) and 

(A2.13).  

With the probability of occurrence pfi of the decisive fire scenario for evacuation in the early 

phase of the fire according to equation (A2.1), however, as a rule only the initial fighting of the 

fire by the users may be taken into account, while extinguishing measures of the fire brigade 

are not yet effective at this point in time (p22 = 1.0). This results in the following for the lecture 

hall: 

fi 1 21 22 3p p p p p 0.02 0.5 1.0 1.0 0.01        
  (A2.26) 

5
3f

f,fi 2

fi

p 1.3 10
p 1.3 10

p 1.0 10







   

   (A2.27) 

   1 1 3

fi f,fi1 p 1 1.3 10 3.01          
  (A2.28) 

If escape is only expected to be hindered, e.g., by falling below a required minimum height of 

the low-smoke layer or a minimum detection range due to smoke, a higher probability of failure 

can be accepted because of the significantly lower damage consequences. In Chapter 10 of 

the guideline, a maximum permissible probability of failure of pf = 1.9∙10-3 [1/a] is recommended 

for this case with a range of max. pf = 8.2∙10-3 to min. pf = 3.4∙10-4. 

With the probability of occurrence of the relevant fire scenario according to equation (A2.27), 

this results in  

3
1f

f,fi 2

fi

p 1.9 10
p 1.9 10

p 1.0 10







   

   (A2.29) 

   1 1 1

fi f,fi1 p 1 1.9 10 0.88          
  (A2.30) 

 

Chapter 10 of the guideline examines exemplary evidence for evacuation in the event of fire 

on the basis of the performance criteria "low smoke layer height ≥ 2.5 m" or "optical density ≤ 

0.1 1/m" (representing an obstruction to escape) and evidence for Basis of the performance 

criterion "FED value ≤ 0.3" (for prevention of escape). A reliability analysis provided the shares 

of the influencing variables in the resulting variance of the limit state equation Z = tavailable - 

tclearing as shown in Figure 10.6 and Figure 10.8 in Chapter 10. In both cases the fire growth 

time tα (= time until a heat release rate of 1 MW is reached) is dominant. For this purpose, a 

design value or, alternatively, a characteristic value in combination with a partial safety factor 

shall be determined such that the required reliability in accordance with equation (A2.28) or 

(A2.30) is met. 

If the fire growth time is assumed to be log-normal with a coefficient of variation Vtg = 0.2 and 

the characteristic value tα,k (e.g. 150 s for the place of assembly) is defined about 50 s lower 

than the mean value, no additional partial safety factor is required with a conservative 

specification of the pre-movement time in order to ensure the required reliability according to 

equation (
A2.30

) when proving the low-smoke layer or the detection range. For the verification 

of the FED value, the characteristic value tα,k should then be divided by a partial safety factor 
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fi = 1.4 in order to achieve the higher reliability according to equation (
A2.28

). In this case, the 

maximum number of persons in the place of assembly should also be specified conservatively 

(in the lecture hall example with max. 1000 persons). 

 

For the performance criteria "low-smoke layer height ≥ 2.5 m" or "optical density ≤ 0.1 1/m", 

the heat release time curve for the first 900 s (15 min) corresponds to a α-t2 curve, with 1 MW 

heat release after 150 s. After the 15-minute unimpeded fire growth, i.e., when the 

extinguishing measures begin, the heat release rate runs at a constant level, which 

corresponds to control of the fire as shown in Figure 4.9, and decays after a fire duration of 

about 26 minutes until the fire is completely extinguished. Figure A2.8 shows the course of this 

design fire for the evaluation of the evacuation of the lecture hall over all fire stages. 

 

Figure A2.8 Rated fire for the assessment of auditorium evacuation 

For the performance criterion "FED ≤ 0.3", the heat release rate for the first 900 s (15 min) 

corresponds to a α-t2 curve, whereby after 150 s / 1.4 = 107 s a heat release of 1 MW is 

reached. 

The front row of seats was chosen as a conservative location for the fire because here supply 

air can be mixed into the smoke plume from all sides and maximum climbing heights are 

achieved, so that the smoke mass flow and the resulting smoke is at a maximum.  

 

 

The previously determined fire scenario is given for the assessment of the roof support 

structure of the lecture hall. The corresponding fire effects are to be used for the fire protection 

design of the steel structure. 
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With regard to the component dimensioning, eight frames in steel construction consisting of 

columns and transoms are considered in the lecture hall. The following considerations should 

be taken into account in the parameter studies for the component design: 

 Smoke extraction areas in the upper area of the window front on the long sides of the 

auditorium: 3.4% of the floor space (requirement according to MVStättV [A2.1]: at least 

2%), 

 Corresponding supply air areas in the lower area of the hall, each arranged below the 

smoke extraction areas, 

 The smoke extraction and supply air areas are opened 2 minutes after the start of the 

fire, 

 The connecting door to the atrium building (fire compartment) in the upper part of the 

lecture hall is closed in any case when the component design is considered, which also 

corresponds to the more critical case for the development of temperatures in the event 

of a fire in the lecture hall, and 

 Firefighting activities take place after 10 minutes and lead to the opening of one of the 

lower escape route doors. However, firefighitng proceedures with extinguishing water 

is not taken into account in the course of the specified heat release rate, which can be 

regarded as a worst case scenario. 

 

The selection of the model type is directly linked to the research question. Whenever results 

with high spatial accuracy are required (e.g., for further component design) and especially 

when the results depend on the flow conditions in space, CFD models are preferable to zone 

models, even if their use involves greater effort. 

The Fire Dynamics Simulator in Version 6 [A2.10] was selected for the calculation of the flue 

gas temperatures present at the component. The FDS model is regularly validated by the NIST 

(National Institute of Standards and Technology) [A2.11].  

The model is also suitable for further questions, e.g., for the calculation of smoke propagation 

and for the calculation of the height of the low smoke layer, as they are considered for the 

rescue of persons or evacuation.  

When creating the model for the calculation with FDS, the following general assumptions were 

made for the geometry and the enclosure components: 

For the component calculation, a closed connecting door to the adjoining atrium was assumed. 

Figure A2.9 shows the model of the auditorium for the calculation with FDS Version 6. 

 All geometric specifications were considered in a grid with an accuracy of 50 cm. The 

trusses have cross-sections of 50/100 cm, the columns cross-sections of 50/50 cm.  

 The walls at the upper and lower front side, the ceiling and the floor were calculated 

with thermophysical data corresponding to an insulated normal concrete. 

 For the front sides of the lecture hall (window fronts), a thermally "thin" material with 

the properties of glass was assumed. 
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 The rows of seats were approximated by 5 steps of 4 m width each, the upper platform 

(access via atrium) has a height of 3.5 m, the fire load was assumed on an area of 280 

m², which is evenly distributed over these 5 steps. 

 The exterior space of the lecture hall is taken into account all around. 

 To exclude calculation errors at grid boundaries, only one (global) calculation grid is 

used in FDS (see Figure A2.9).  

 

Figure A2.9 Model of the lecture hall for the calculation with FDS Version 6, displayed with 

Smokeview, representation with exterior space outside the lecture hall 

With a view to further component design, relevant measuring points were defined at which 

the gas temperatures in the area of the binders were saved to a file every 10 seconds.

 

 shows these measuring points as an example for one of the 8 roof trusses. 

A calculation grid 

Seat and 
table rows 

Consideration of 
the environment 
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escape 
routes  

Steel frame  
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Figure A2.10 System sketch, designation of the measuring points for the gas temperatures of 

the truss system (support and beam) 

 

The following investigations were carried out: 

Type A: ∙t² approach, no consideration of window failure 

Type B: Fire spread over rows of chairs  

Type C: same as Type A, but taking into account the failure of windows 

A rapid fire spread of 100 cm/min was assumed for Type B (see Table 4.2). A spreading over 

the center axis of the lower seat row (20 m) upwards therefore takes 20 minutes. 

Based on the considerations in 5.6.2 "Choice of grid resolution", a grid resolution in the range 

of 25 cm is already comparatively very good for a fire with 233 MW. It is a fact, however, that 

the heat release rate only increases from smaller values at the beginning of the fire and 

therefore the grid resolution would have to be continuously adjusted. This is not possible with 

the FDS model, so that the grid resolution should also be suitable for smaller heat release 

rates. For smaller heat release rates, finer resolutions are also required to adequately resolve 

a fire. For a characteristic grating resolution of at least R*=4, fires with at least 1 MW power 

are already sufficiently resolved for grids with 25 cm. 

The calculation runs with different parameters are summarized in Table A2.4 according to 

[A2.12] basis was an analysis of the dependence of the results on the cell fineness, which 

leads to good results when using grid cells with 50 cm edge length. Overall, a cell fineness of 

up to 25 cm is considered reasonable. 

Table A2.4 Overview of modelling parameter study, selected parameters 

Designation 

Model run 
A_50 A_25_50 A_25 B_50 C_50 C_50_T 

Cell size, 

fineness [cm] 
50*50*50 25*25*50 25*25*25 50*50*50 50*50*50 50*50*50 

Number of cells 77,792 311,168 622,336 77,792 77,792 77,792 

Fire source and 

spread in the 

area of the seat 

rows 

Center, 

square. 

Approach

, alpha= 

fast 

Center, 

square. 

Approach

, alpha= 

fast 

Center, 

square. 

Approach

, alpha= 

fast 

Bottom, 

1m/min 

over 5 

 areas of   

4 m 

Center, 

square. 

Approach

, alpha= 

fast 

Center, 

square. 

Approach, 

alpha= fast 

Windows fail at 

300 °C 
no no no no yes yes 
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Supply and 

exhaust air 
2 minutes 2 minutes 2 minutes 2 minutes 2 minutes 2 minutes 

Lower escape 

door open 
no no no no no 10th minute 

*) Font in italics: Changes compared to basic variant A_50 

 

As a result of the calculations, Figure A2.11 shows an excerpt of the gas temperature curve in 

the area of bar 4 (R_4) in the middle of the field. 

 

Figure A2.11 Temperature curve at bar 4 in the middle of the field for 4 different fire scenarios 

If the lower escape door remains closed, the highest temperatures are in the area of the bolts 

2 and 3; if the escape door is open (due to intervention of the fire brigade after 10 minutes), 

the temperatures are highest in the area of the binders 4 and 5.  

The influence of the additional inflowing air surfaces due to "falling out" window panes from 

the 800th second is clearly visible, it first leads to a plateau in temperature development. From 

the 1000th second on, however, the temperatures rise again significantly, as the rate of heat 

release continues to increase significantly.  

Figure A2.12 shows the course of the temperatures in the area of transom 3 and at the supports 

3 for case C with a cell size of 25 * 25 * 25 cm³ for 90 minutes calculation time. In the middle 

of the field, temperatures up to just over 800 °C are calculated at ledger 3. The temperatures 

at the columns are below the values calculated in the middle of the field below the slab for the 

entire period under consideration.  



Annex 2: Application example  

420 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

 

Figure A2.12 Temperature curve at the ledger and the supports 3 at different measuring points 

(see Figure A2.11 ) for case C_25), 1 m below the slab, central axis for 90 minutes 

calculation time 

 

The CFD model Fire Dynamics Simulator (FDS) was used to investigate the effect of a fire on 

the gas temperatures in a lecture hall building. For the design of a steel frame structure, a fire 

scenario was defined as the "worst case scenario", in which the entire area of the rows of 

chairs in the auditorium area is considered as the fire load.  

Additional assumptions regarding the smoke extraction system and inflowing air were made in 

accordance with the requirements of the MVStättV [A2.1], and a fire-related failure of the panes 

on the long sides of the auditorium at 300 °C was assumed. The necessary steps for 

calculating the time course of the required temperatures with FDS were described. For this 

purpose it is necessary, 

 to check the model for a convergence of the solution at the selected fineness (size) of 

the cells and  

 to vary the parameters and compare the solutions to determine the most critical 

scenario.  

A grid with 25 cm edge length of the cells has proven to be sufficient for the simulation with the 

field model with regard to the convergence of the results. It could be shown that flows through 

additionally opened doors lead to very different temperature distributions in the room and that 

the highest temperatures do not always have to be reached directly above the source of the 

fire.  

The steel beams should therefore be designed for the same temperature range. The maximum 

temperature at beam 3 was calculated to be more than 800 °C. The temperature-time curve 

calculated on this beam and the associated columns serves as the basis for the subsequent 

structural analyses. 
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The supporting structure of the auditorium consists of 10 steel frames with the dimensions b = 

29.10 m and h = 12 m (Figure A2.13). The frames are to be designed as two-joint frames with 

the joints in the base points. The center distance of the frames is 3.75 m. 

The uprights of the frames are made of HEA 500 profiles, the transoms of HEA 700 profiles. 

Bolt and post are rigidly connected to each other by bolted end plate joints (Figure A2.14 ). 

The end plates have a thickness of 25 mm. In the corner of the frame there are two braces in 

the post with a thickness of 25 mm in extension of the beam flanges. The base plate has a 

thickness of 20 mm. 

 

Figure A2.13 Supporting structure of the auditorium with steel frame 
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Figure A2.14 Corner design of the steel frames in the lecture hall building 
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Compilation of the actions according to DIN EN 1991 

Table A2.5 Composition of the dead weight of the roof 

Sandwich elements with 100 mm mineral wool insulation 0.20 kN/m2 

Acoustic ceiling of A2 building material 0.09 kN/m2 

Technical extension load 0.30 kN/m2 

Sum of the roof own weight 0.59 kN/m2 

Line load due to dead weight of roof: gk,1 2.21 kN/m 

Dead weight steel-glass façade: gk,2 1.88 kN/m 

Snow load: 

 sk = µi ∙ Ce ∙ Ct ∙ sk ∙ b = 0.8 ∙ 1.0 ∙ 1.0 ∙ 0.95 kN/m² ∙ 3,75 m =  

 

2.85 

 

kN/m 

Wind facing side: 

 wk,z = qp (ze) ∙ cpe ∙ b = 0.8 ∙ 0.72 ∙ 3.75 =  

 

2.16 

 

kN/m 

Side facing away from the wind: 

 wk,a = qp (ze) ∙ cpe ∙ b = 0.8 ∙ (-0.35) ∙ 3.75 = 

 

-1.05 

 

kN/m 

Wind load on flat roof 

wk,F = qp (ze) ∙ cpe ∙ b = 0.8 ∙ (-1.8) ∙ 3.75 = 

wk,H = qp (ze) ∙ cpe ∙ b = 0.8 ∙ (-0.7) ∙ 3.75 = 

wk,I = qp (ze) ∙ cpe ∙ b = 0.8 ∙ 0.2 ∙ 3.75 = 

 

-5.4 

-2.1 

 0.6 

 

kN/m 

kN/m 

kN/m 

Load case combination for "cold" assessment: Basic combination 

Ed = E [∑γG,j ∙ Gk,j + γQ,1 ∙ Qk,1 + ∑ γQ,i ∙ ψ0,i ∙ Qk,i] (A2.31) 

Load case combination for "hot" assessment: Exceptional situation 

Ed = E [∑γGi ∙ Gki + Ad + ψ2,1 ∙ Qk,1 + ∑ ψ2,i ∙ Qk,i] (A2.32) 

(Note: In general, the quasi-permanent size ψ2,1 ∙ Qk,1 may be used. This does not apply to 

components where the wind is the guiding force. In this case, the frequent size ψ1,1 ∙ Qk,1 should 

be used for wind action). 

According to DIN EN 1991-1-1 [A2.14] following partial safety factors as well as the 

combination coefficients according to Table A2.6 are to be applied for the ultimate limit state 

of the load-bearing structure or load-bearing components: 

Permanent actions (favourable): G,sup   = 1.35 

Permanent actions (unfavourable): G,inf    = 1.00 

Variable actions (unfavourable): Q   = 1.50 

Exceptional actions (unfavourable): A   = 1.00 

  



Annex 2: Application example  

424 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

 

Table A2.6 Combination coefficients  according to Table A.1.1 of DIN EN 1990 [A2.6] 

    

Payloads in assembly rooms 0.7 0.7 0.6 

Snow loads for buildings < 1000 m above sea 

level 
0.5 0.2 0.0 

Wind loads for buildings 0.6 0.2 0.0 

This results in the load in Figure A2.15. It is assumed that the loads from the ledger are 

introduced into the two standards without a planned center.  

 

Figure A2.15 Characteristic load on the frame  

According to [A2.14] a sinusoidal initial imperfection of h/1000 is applied to the vertical 

components in the center of the component. 

For the calculation at normal temperature, the frame transoms are held by the roof panels at 

right angles to the frame axis. In case of application, this proof should be carried out specifically 

or other measures should be taken to prevent torsional flexural buckling. For the calculation in 

case of fire, the lateral support of the frame transoms by the roof panels is still assumed, since 

the roof panels practically do not lose their stiffness due to the thermal insulation of the upper 

sheet level. In the model, the frame beam is held in the middle of the upper chord on the entire 

outer side of the flange against displacement transversely to the frame axis. A lateral support 

is missing on the frame transoms, so that the proof of torsional flexural buckling should be 

carried out here. 

For the design of the steel frames, the course with the highest fire room temperatures is 

selected as the decisive temperature load (see Figure A2.16 and Table A2.7). On the safe 

side, these fire room temperatures are applied unchanged over the height of the frame 

standards and over the length of the frame transom. It is neglected that the lower part of the 

frame leg is partially shielded from direct fire attack by the supporting structure for the rows of 

chairs. 
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Figure A2.16 Time-dependent temperature effect on the construction in the beam 3  

Table A2.7 Time-dependent temperature effect on the construction in the beam 3  

Time 

[min] 

Temperature 

[°C] 

Time 

[min] 

Temperature 

[°C] 

Time 

[min] 

Temperature 

[°C] 

0 20.2 20 327.6 40 737.1 

1 28.2 21 335.2 41 732.6 

2 34.1 22 366.1 42 660.4 

3 44.3 23 350.1 43 615.7 

4 56.4 24 376.4 44 552.5 

5 71.7 25 405.2 45 505.7 

6 96.5 26 392.9 46 449.0 

7 128.3 27 413.9 47 407.2 

8 166.3 28 451.8 48 356.6 

9 206.8 29 467.7 49 309.4 

10 211.1 30 448.8 50 271.2 

11 196.2 31 511.9 51 219.0 

12 206.6 32 566.5 52 179.8 

13 228.8 33 607.8 53 131.2 

14 245.7 34 663.2 54 82.7 

15 263.5 35 684.1 55 54.1 

16 265.3 36 762.1 56 66.0 

17 290.3 37 725.9 57 63.5 

18 300.4 38 755.0 58 72.2 

19 320.6 39 780.5 59 65.1 

 

0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50 60

T
e
m

p
e
ra

tu
re

 [
°C

]

Fire duration [min]



Annex 2: Application example  

426 / 464  Guideline engineering methods of the fire protection vfdb  TB 04-01(2020-03) 

 

The heating of a component depends on the heat transfer at the edge of the component and 

the heat flow inside the component. The heat flow caused by a temperature gradient in the 

component is influenced in its velocity by the temperature and material-dependent material 

properties thermal conductivity  [W/(m∙K)], specific heat cp [J/(kg∙K)] and bulk density  

[kg/m³]. The heat transfer conditions for the convective heat transfer coefficients on the flamed 

surface c = 35 W/(m²K) and on the surface facing away from the fire c = 9 W/(m²K) and a 

resulting emissivity of res = 0.7 are assumed [A2.15].  

 

Figure A2.17 Temperature-dependent curve of thermal material properties of structural steel  

 

Figure A2.18 Thermal expansion of structural steel 

The temperature-dependent thermal material properties for structural steel are given in 

Eurocode 3 Part 1-2 [A2.14] as temperature-dependent calculation functions. Figure A2.17 

shows the temperature-dependent thermal conductivity (), specific heat (cp) and bulk density 

of structural steel and Figure A2.18 the thermal strain. Figure A2.21 shows temperature-

dependent stress-strain curves for structural steel S235 according to [A2.14]. Figure A2.20 
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shows the temperature-dependent course of thermal conductivity (), specific heat (cp) and 

bulk density () of mineral wool.  

 

Figure A2.19 Temperature-dependent stress-strain curves for structural steel S235 

  

Figure A2.20 Temperature-dependent curve of thermal material properties of mineral wool 

[A2.20] 

 

 

The simplified design procedure according to Eurocode 3 Part 1-2 [A2.14], Chapter 4.2.4 sets 

out the determination of the critical temperature as a function of the component load 0 unless 

deformation criteria or influences from stability problems have to be considered. For this 

reason, only the beam may be designed on the temperature level since lateral supports are 

provided here to prevent torsional flexural buckling. 
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The utilization of the frames 0 = Efi,d / Rfi,d,0 is 0.59 for the beam. This results in a critical steel 

temperature for the beams of 557 °C. 

To determine the component temperature, Eurocode 3 Part 1-2 [A2.14], Chapter 4.2.5.1 offers 

a method with which the temperature rise a,t of an unprotected steel component during a 

time interval t can be calculated. 

m
a,t sh net,d

a a

A / V
k h t

c
   


  (A2.33) 

Where: 

net,dh   The design value of the net heat flux per unit area, 

ksh   Correction factor for the shadow effect, 

Am/V  The section factor of the unprotected steel component, 

A The surface of the structural element exposed to fire per unit length, 

V  The volume of the structural element per unit of length, 

ca  The specific heat of steel, 

t   The time interval, 

a  The density of steel. 

For I-sections under other than the nominal fire exposure, the shadow effect should be 

determined with: 

 ksh = [Am/V]b / [Am/V] 

Where [Am/V]b is the section factor for the box enclosing the profile. Conservative results are 

obtained when the shadow effect is not taken into account (i.e. ksh = 1). 

Am and V are profile-dependent constant values. a may also be assumed to be constant at 

7,850 kg/m3 . The specific heat ca is a temperature-dependent quantity that is calculated in 

accordance with DIN EN 1993-1-2, Section 3.4.1.2 using the equations (A2.37) to (A2.40). The 

steel temperature a is specified in °C: 

For 20 °C  a < 600 °C 

              1 3 2 6 3

a a a ac 425 7.73 10 1.69 10 2.22 10
   [J/kg∙K] (A2.34) 

For 600 °C  a < 735 °C 

a

a

13002
c 666

738
 

     [J/kg∙K] (A2.35) 

For 735 °C  a < 900 °C 

a

a

17820
c 545

731
 

     [J/kg∙K] (A2.36) 

For 900 °C  a < 1200 °C 
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ac 650
   [J/kg∙K] (A2.37) 

The net heat flow ℎ
.

𝑛𝑒𝑡,𝑑on the surface exposed to fire can be calculated according to DIN EN 

1991-1-2, taking into account heat transfer by convection and radiation according to equation 

(3.1). The convective part of the net heat flow is obtained from equation (3.2), the net heat flow 

by radiation from equation (3.3), where m = 0.7 and f = 1.0 [A2.16], [A2.14] and = 1.0. 

The calculation of the component temperature according to equation (A2.33) can be done with 

a spreadsheet or mathematics program. The radiation temperature of the fire is assumed to 

be equal to the gas temperature which is derived from the CFD calculation. The chosen time 

steps t should not be too large; in Eurocode 3 Part 1-2 [A2.14] 5 s are recommended. Here, 

the time steps of 10 s from the CFD calculation are used for the fire room temperature. In an 

additional calculation, the development of the component temperature was checked in 5 s 

steps and only a very small deviation of less than 2 °C was found. For the initially unknown 

component temperature, the value from the previous calculation step is used and the 

temperature difference a,t is calculated according to equation (A2.33). 

The result of the simplified design method is shown in Figure A2.21 . The component 

temperatures in the cross-section of the frame beam is compared with the critical temperature 

determined according to equation (6.1). It can be seen that the component temperature in the 

beam clearly exceeds the critical steel temperature. Therefore, the frame beam cannot be 

designed unprotected according to the critical temperature verification method. 

Here it should be taken into account that, in the case of statically indeterminate stored 

components, the proof may be very much on the safe side with the help of the critical 

temperature. In the event of fire, the corner moments in the frame increase until the plastic 

moment is reached. As a result, the field moment is reduced and the critical temperature 

actually increases. This effect is not taken into account in the check according to [A2.14] 

because the action and resistance are determined at minute 0. 

 

Figure A2.21 Temperature-time curve in the frame beam (HEA 700) according to the simplified 

design method according to DIN EN 1993-1-2 [A2.14] 
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The verification of stability in case of fire is carried out according to the simplified design 

method on the load-bearing capacity level according to Chapter 4.2 [A2.14]. The verification is 

performed using the decisive load combination. 

The buckling stability for the present example is verified by means of the equivalent member 

method. According to paragraph 5.2.2 (8) [A2.16] when using the equivalent member method, 

neither imperfections of the strut nor internal forces due to second-order theory must be taken 

into account when using the equivalent member method. 

The material used is steel grade S235 with a yield strength of fy= 235 N/mm². The modulus of 

elasticity is 210000 N/mm². According to [A2.16] the HEA 500 profile is classified in Class 1 

cross-section. 

The cross-sectional values, steel grade and section properties for the profile used are shown 

in Table A2.8. The thermal analysis according to equation A2.36 results in a maximum 

temperature of approx. 672°C in the strut. 

Table A2.8 Profile characteristics of the strut 

Column / cross-section value Frame strut 

Profile HEA 500 

Steel grade S235 

Profile area A [cm²] 198 

Iy / Iz [cm4] 86970/10370 

Wel,y / Wel,z [cm3] 3550/691 

Wpl,y / Wpl,z [cm3] 3949/1059 

IT [cm4] 309 

Iw [cm6] 5643000 

When determining the reduced mechanical characteristics as a function of the irregular cross-

sectional temperature, the maximum temperature in the cross-section is taken as the decisive 

temperature, being on the safe side. 

Table A2.9 shows the reduced mechanical properties (according to Table 3.1 [A2.14]) of 

various decisive supports at the design temperature. 

Table A2.9 Decreased mechanical characteristics at design temperature for the supports 

Column/section value Frame strut 

Rated temperature  672°C 

ky,ө [-] 0.297 

kE,ө [-] 0.18 

In the following, it is to be demonstrated that the load-bearing capacity is ensured in case of 

fire. For this purpose, the verifications for the components loaded by bending and axial 

pressure are performed in accordance with Section 4.2.3.5 [A2.14] (buckling safety check, 

lateral torsional buckling check). The decisive load combination consists of the loads due to 

dead weight and wind: 
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Ed = E [∑1.0 ∙ Gki + 0.2 ∙ wk] 

This results in the following loads for the struts according to the actions in Table A2.5: 

From the self-weight of the roof, the facade and the steel girders: 

NEd,fi = 1.0 ∙ (Gk,1 + Gk,2) = 1.0 ∙ ((-2.21 kN/m) ∙ 29.1 m ∙ 0.5 + (-1.88 kN/m) ∙ 12 m  

  + (-1.55 kN/m) ∙ 12 m + (-2.04 kN/m) ∙ 29.1 m ∙ 0.5) 

  = -102.9 kN 

From wind: 

 Ed = 0.2 ∙ (wk,z + wk,a + wk,F + wk,H + wk,I) 

This results in the following maximum compression force in the strut: 

NEd,fi = -1.91 kN 

The wind is the only stress that systematically causes a moment in the strut. The clamping 

moment at the connection between frame and strut is decisive for the design. When calculating 

the moment load, the load-bearing effect of the entire frame must be taken into account, as 

wind suction occurs at one leg and wind pressure occurs at the other leg (see Figure A2.23 

Characteristic loading of frame). 

This stress results in the decisive moments at the connection between frame and strut: 

Mwk  = -49.28 kNm 

Mwd  = 0.2 ∙ (-49.28) kNm = -9.86 kNm 

In addition, the horizontal wind load creates a vertical supporting force, which is neglected here 

due to its small size. 

The moment due to the wind load acts in the direction of the strong axis of the HEA 500 profile, 

so that the stability verification is performed for the strong axis. In addition, the stability 

verification is carried out for the weak axis. Since the moment due to the wind only acts in the 

direction of the strong axis, the verification for the weak axis is carried out without stress due 

to the wind. 

In the following, the verification of flexural buckling is performed according to Chapter 4.2.3.5, 

equation 4.21a [A2.14] both for the weak and strong axis and the torsional flexural buckling 

check according to Chaper 4.2.3.5, equation 4.21b [A2.14] only for the strong axis. 

Bending crease check: 

The buckling length is determined according to [A2.16] for a frame with hinged foot points. The 

buckling load factor and the resulting buckling lengths of the frame struts are determined 

depending on the stiffness of the strut and beam. This results in the buckling length as: 

sk,z = 27.82 m 

For the verification of flexural buckling, the following formulas and characteristic values are 

used according to [A2.14]: 

- Partial factor in the event of a fire: γM,fi = 1.0 

- Radius of gyration: 
z zi (I / A)  

- Slenderness ratio: k,z ki,z zs / i   
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    
  1 y93.6 (235 / f )

 

- Relative slenderness:  
k, Z

1


 


 

- Relative slenderness in the event of a fire : k,z y, E,k / k
 

     

- Reduction factor χfi,z for flexural buckling: 
fi,z

2
2

,z

1

  

 

    

 

with:     0.65 235 / 235 0.65  

 
 21
1

2
  
      

 

Coefficient for taking into account the moment curve in the event of fire ky or kz 



 
  

    

y fi,Ed

y
y, y /y,fi m,fi

N
k 1 3.0

A k f
 

 

 
  

   

z fi,Ed

z
y, y /z,fi m,fi

N
k 1 3.0

A k f
 

with: Adjustment factor for consideration of the torque βm=1.1 

(Figure 4.2, [A2.35] most unfavourable value) 


         y M,y y, M,y(2 5) 0.44 0.29 0.8  


         z M,z z, M,z(1.2 3) 0.44 0.29 0.8            

The characteristic values and reduction factors are determined in tabular form in Table A2.10. 

Check for flexural buckling according to Chapter 4.2.3.5, equation 4.21a [A2.14]: 

  


 

    
M,fi

y, fi, Edfi, Ed y

y,y, pl,y y,kmin,fi y,k M,fi

k MN
1.0

W k f /A k f /
 

Flexural buckling verification (strong axis): 

 

 
    

    

104.8 1.93 9.86 100
2.37 0.1 2.47 1.0

0.032 198 0.297 235 / 10 3949 0.297 235 / 10
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Table A2.10 Characteristic values for the buckling safety check 

Column / Calculated value Frame strut 

iy  /  iz [cm] 20.96 / 7.24 

y z/ 
 

1.4 / 4.1 

,y ,z/    
1.82 / 5.26 




 
2.74/ 16.0 

y z/ 
 

-4.89/ -8.34 

ky / kz 2.74 / 3 

fi,y fi,z/ 
 

0.21 / 0.032 

Flexural buckling verification (weak axis): 

  
  

104.8
2.37 1.0

0.032 198 0.297 235 / 10
 

The proof in case of fire could not be provided.  

For the sake of completeness, the next step is to perform the torsional flexural buckling 

verification for the strut. This is only to be carried out for the strong axis, since only here is 

there a moment load in addition to the normal force. In case of fire, the verification is performed 

according to Chapter 4.2.3.5, equation 4.21b [A2.14].  

The stresses are identical to those determined for the flexural buckling verification.  

The determination of the characteristic values and reduction factors is calculated using the 

following formulas: 

- Ideal lateral torsional buckling moment:         
 

2

cr cr,z p pM N (c² 0.25 z ) 0.5 z  

with:    w T zc² (I 0.039 l² I ) / I  

2

z
cr,z 2

E I
N

l

  
  

- Relative slenderness for lateral torsional buckling: lt pl,y y crW f / M    

- General reduction factor for lateral torsional buckling in case of fire: 

LT,fi
22

LT, ,comLT, ,com LT, ,com

1

 

 

         

 

with: 
  

       
  

2

LT, ,com LT, ,comLT, ,com 0.5 1
 

ltLT, ,com y, E,k / k
  

   
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  y0.65 235 / f  

The lateral torsional buckling verification in case of fire under additional compressive stress is 

verified for a Class 1 cross-section according to equation 4.21b [A2.14] in Table A2.11. 

Table A2.11 Characteristic values for the buckling safety verification 

Calculated value Frame strut 

ζ 2.25 

c² [cm²] 2217.59 

zp [cm]  24.5 

Mcr [kNm] 1993 

LT  
0.647 

LT, ,com  
0.83 

  0.65 

LT, ,com


 
1.12 

LT,fi
 

0.54 

 

 


 

       
 

y, fi, Edfi, Ed LT

y, k y, k
y, y,z,fi LT,fi pl,y

M,fi M,fi

k MN
1.0

f f
A k W k

 

 where M,fi 1.00 

fi, EdLT
LT

y, k

z,fi y,

M,fi

N
k 1 1

f
A k



 
  

   


 

LTk 1  is set conservatively. The lateral torsional buckling verification is as follows: 

 


    
     

104.8 1.0 986
2.37 0.066 2.4 1.0

0.032 198 0.297 235 / 10 0.54 3949 0.297 235 / 10
 

The proof against lateral torsional buckling in case of fire is also not fulfilled. 

The possible solution to the problem could consist in fire protection (lining, painting) of the 

structural elements. 

In the following section, the verification is carried out using the extended design method. For 

this purpose, first the temperature distribution within the cross-section is determined (thermal 

analysis) and then the load-bearing capacity of the entire frame is calculated in a mechanical 

analysis. 
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A 2D finite element model is generated to calculate the component temperatures. The FE 

software ANSYS [A2.21] is used. The temperature distributions are determined separately for 

the frame struts and the frame beams. To clarify the application of the guide, the determination 

of the component temperatures and the calculation of the load-bearing capacity of the heated 

steel frame are considered separately. 

The structure of the 2D temperature model is shown as an example for the cross-section of 

the frame beam (Figure A2.22). For the FE model, a section of the frame beam with the roof 

panel on top was selected. The consideration of the roof panel is important in order to capture 

the delayed heat flow upwards or outwards in the thermal analysis. A roof panel overhang of 

50 cm on both sides was considered. Temperature is applied to the beams profile from three 

sides. Since a 2D temperature calculation takes only a short time, even on an average PC, the 

elementation can be selected almost as finely as required. 

 

Figure A2.22 FE model for the temperature calculation of the frame beam 

The thermal material properties of steel and insulation material are assigned to the elements. 

A point outside the cross-section is selected as the radiation source. The surface of the cross 

section that absorbs the thermal radiation should be defined for this point. This is the surface 

of the steel profile (with the exception of the side of the upper flange that is turned away from 

the fire) and the underside of the roof construction. For these surfaces the heat transfer 

conditions are defined, which are represented by the Stefan-Boltzmann constant = 5.67-10-

8. 
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The results of the heating calculation in Figure A2.23 show that a maximum temperature of 

703°C in the web and 664°C in the flange is achieved. 

The heating of the profiles in the web is shown in Figure A2.24. The maximum temperature in 

the web is reached approx. 200 s after the fire room temperature has exceeded its maximum. 

 

 

 

Figure A2.23 Heating of the frame transom HEA 700, top: at maximum temperature in the web 

after 2540 s, bottom: at the end of heat release after 3600 s 
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Figure A2.24 Temperature curve in the web of HEA 500 and HEA 700 sections 

 

The temperatures for the HEA 500 and HEA 700 profiles differ only insignificantly, so that the 

temperature curve in the web of the HEA 500 column profile with a maximum temperature of 

711 °C for all webs in the frame is taken as the effect for the structural analysis. The 

temperature curve in the lower flange of the HEA 500 with a maximum temperature of 679 °C 

is the decisive curve for all other components (flanges, braces, end and base plate).  

The support of the frame struts is made by a base plate. The central node of the base plate is 

held in the direction of the frame standards (y-axis). The base plate is held at the nodes of the 

flanges, i.e. transverse to the frame axis (z-axis) and the web is held in the direction of the 

frame axis (x-axis). This simulates a minimum clamping as it occurs in real frames due to the 

fixing of the base plate by plugs or anchors. 

The frame corners are supported on the outside between the support and the beam 

perpendicular to the frame axis. The upper flange of the beam in the middle of the frame is 

also held at right angles to the frame axis (in the Z-direction) over the entire profile width.  

The element size is approx. 5 cm. 

The results of the structural analysis show that due to the high temperatures and the 

dimensions of the components - especially the length of the frame transom - large thermally 

induced deformations occur (Figure A2.27 ).  
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Figure A2.25 Total deformation of the frame (True Scale) at deformation maximum. The scale 

shows the summed deformations of the nodes in all directions in [m]. 

Plastic expansion occurs in the area of the frame corner (Figure A2.28 ). This makes it clear 

that, with the help of precise computational analysis, the load-bearing capacity is recorded up 

to the area of large deformations. When using the extended design procedure with the FE 

method, structural reserves can be mobilized that cannot be considered in the tabular 

verification or in the simplified design procedure. 
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Figure A2.26 Plastic strains 

Figure A2.27 and Figure A2.30 show the horizontal and vertical displacement of the left frame 

corner. Due to the heating of the frame, a strong extension of the frame beam occurs. This 

causes the frame corners to move apart. This displacement is so large on the windward side 

of the frame that the displacement due to wind action is cancelled and the displacement of the 

frame knot takes place in the opposite direction after approx. 700 s. After approx. 2100 s, the 

deflection of the frame beam increases significantly, so that the frame corner shows a strong 

increase in deformation at this point. 

If one looks at the vertical displacement of the bottom chord of the frame beam in the middle 

of the field in Figure A2.31 , the deflection from the load application can be seen first. With 

increasing temperature influence the beam seems to bend upwards. In reality, however, two 

effects overlap here, as can be seen by comparing Figure A2.31 and Figure A2.30 . On the 

one hand, the deflection of the frame increases as a result of the load effects, since the stiffness 

decreases due to the temperature effect. On the other hand, the thermal expansion of the 

supports raises the entire beam. The difference between the deformation of Figure A2.31 and 

Figure A2.30 corresponds to the actual deflection of the frame beam (Figure A2.32 ). Figure 

A2.30 shows that there is no upward deflection. 
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Figure A2.27 Horizontal displacement of the left (windward) frame corner 

 

Figure A2.28 Vertical displacement of the left frame corner 
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Figure A2.29 Vertical displacement of the bottom chord of the frame beam in the center of the 

field 

 

Figure A2.30 Actual deflection of the frame beam in the center of the field 

The failure conditions shall be specified by an engineer when applying the extended design 

method. In this context, the load-bearing and deformation behavior of adjoining structural 

members (partitions and partition walls, suspended ceilings) shall also be considered. The 

load-bearing capacity of the structural element, the magnitude of the deformations and the 

failure rate can be defined as failure criteria (see Chapter 6). 

The following applies to the load capacity: 

Ed,fi ≤ Rd,t,fi 

When determining the maximum permissible deformation, the area-enclosing function of the 

structural elements should be taken into account. The roof consists of sandwich panels where 
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the deformations do not have a great influence on adjacent solid components. Since the finite 

elements do not fail by definition due to temperature effects, one possible failure criterion is 

the tearing off of the fasteners from the frame beam due to much elongation of the elements. 

On the other hand, joints between the sandwich panels may open laterally due to elongation 

of the frame beam. However, this would not cause the elements to fall down, so that no 

deformation limit needs to be observed for this type of damage. 

According to Chapter 6, the criterion chosen as the failure criterion is the one provided in DIN 

4102- 2 or DIN EN 13501-2 for statically determinate mounted components that are stressed 

wholly or predominantly by bending in the component tests. It specifies a critical deflection and 

critical deflection rate according to equation (A2.38 and A2.39) 

(a)     Deflection:  D = L2/(400 d) [mm] (A2.38) 

(b)     Deflection rate:  dD/dt = L2/(9000 d) [mm/min] (A2.39) 

Where  

L The clear span, in mm;  

d The distance, in mm, from the outermost edge of the compression zone to the 

outermost edge of the tension zone of the supporting section, in each case for 

cold design. 

The criterion of the deflection speed only applies after a deflection of L/30 is exceeded. 

The maximum deflection of the frame beam is 570 mm.  

The critical deflection is  

 L2/(400 d) = 28300² / (400 ∙ 690) = 2900 mm > 570 mm 

The maximum deflection speed occurs shortly before the maximum temperature is reached. 

In the center of the field the largest difference in displacements in y-direction between two time 

steps of 60 s is s = 126 mm, as shown in Figure A2.30 . This should only be considered from 

a deflection of L/30: 

 L/30 = 28300 / 30 = 943 mm > 570 mm 

For completeness, the verification of the critical deflection speed is nevertheless shown here. 

The critical deflection speed is 

 L² / (9000 d) = 28300² / (9000 ∙ 690) = 129 mm/min > 126 mm/min.  

The critical deflection speed is not reached during the calculation. The verification of the load-

bearing capacity in case of fire could therefore be carried out using the extended design 

method. 

Connections 

The load-bearing capacity of the connections of beams and struts shall be verified in 

accordance with DIN EN 1993-1-2 [A2.14], Annex D, in which the temperature-dependent 

reduction factors of the load-bearing capacity of screws and weld seams are specified. 
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The auditorium building has 20 rows of seats with 32 seats each, so that there are 640 seats 

available. For certain events, up to 360 additional people can be expected to sit or stand in 

front of the first row of seats or on the steps. Proof should be provided that in the event of a 

fire, safe self-rescue of all persons from the auditorium is possible. This includes the proof that 

the time required to leave the lecture hall (tevacuation) is considerably less than the time (tavailable) 

until significant loads from the spread of smoke and heat occur. Furthermore, it should be 

ensured that the other conditions of the evacuation process do not lead to any danger to 

persons. The main escape route from the auditorium is a 35 m long path through the atrium to 

the outside, whereas § 7 (3) MVStättV [A2.1] only provides for a maximum length of 30 m. 

Since all other personal protection requirements are in accordance with the MVStättV, the 

safety level achieved by the MVStättV is determined at this point using the specified fire 

scenarios and engineering methods. 

 

The criteria "height of the smoke layer", "optical density" and the "Fractional Effective Dose" 

(FED) are relevant for the fire scenarios to be investigated (Table A2.12). The evaluation value 

for the low-smoke layer is 2.5 m above the floor. An optical density of 0.2 1/m corresponds to 

a detection distance of 10 to 20 m (see Table 8.3). 

Table A2.12 Selected criteria for demonstrating that the protection goal has been achieved 

Measured variable Evaluation value Comment 

low smoke layer height 2.5 m according to [A2.3] 

Optical density 0.2 1/m 

according to Chapter 8,  

Table 8.3                                         

10 m to 20 m 

Fractional Effective Dose 

 (FED) 
0.3 

0.1 – 0.3 according to 

[A2.20]. 

The FED is used to determine the direct impairment of a person until the inability to escape 

due to toxic gases and lack of oxygen and is therefore far less conservative than the criteria 

mentioned above. According to Chapter 8 the integral effect of CO, if present HCN, O2 

deficiency and CO2 is considered. When using the FED, primary literature, such as Purser 

[A2.21] should be consulted in any case, in which, for example, an extension of the FED to 

include irritant gases is also suggested. The FED is defined as a dimensionless number, which 

reaches the value 1.0, if the damaging effects of fire smoke cause escape inability of persons. 

However, since different population groups react more sensitively, an FED of 0.1 to 0.3 should 

be used as a measure of the inability to escape [A2.20], [A2.21]. Since time- and location-

dependent gas concentrations are calculated by CFD models, the coupling of the FED 

calculation with the CFD output data is in principle suitable. 

 

It is assumed that, depending on the performance criteria to be demonstrated, the fire 

characteristics described in A2.3.3.4 will occur in the lecture hall.  
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The fire simulation with the model Fire Dynamics Simulation (FDS) Version 6 followed basically 

as described in A2.4 for the determination of the fire effects for the structural analysis. The 

simulation was carried out differently with a node distance of 25 cm due to the significantly 

shorter observation periods. The measuring points of the performance criteria decisive for the 

evaluation were taken in the auditorium on the top level on the right and left staircase in front 

of the wall panel (Figure A2.18). Gas compositions for the optical density and the FED were 

recorded at a height of 1.75 m. In accordance with the assumed fire load, a simple combustion 

reaction of wood with a yield of soot of 0.015 g/g and carbon monoxide (CO) of 0.004 g/g was 

used in FDS (see Table 8.4 for the fire load-controlled combustion of cellulose-type fire loads). 

This results in an effective calorific value of 17247 kJ/kg. As the fire loads do not contain any 

relevant amounts of nitrogen, it is assumed that no HCN (hydrogen cyanide) is produced in 

the fire (see [A2.20]). 

In order to exclude an unrealistic fire-induced pressure increase in the building, the emergency 

exit doors located at the bottom were considered as pressure relief openings.  

The auditorium building has four SHE openings on both sides in the upper area, each 8 m2 in 

size (calculated at 3.4 % of the floor area), which can be opened if necessary (Figure A2.33 ). 

  

Figure A2.31 Lecture Hall model for the calculation with FDS Version 6 at the 121st second  

 

For this proof, a quadratic increase in the heat release rate with a time of 150 s until 1 MW is 

reached is assumed. It is assumed that equipment-related measures take effect according to 

the design. Preliminary studies have shown that, for the time course of the heat release rate 

according to figure A2.8 ceilings-installed smoke detectors trigger within 60 s even at a smoke 

yield of only 0.001 g/g. Due to a maximum opening time of SHEV devices of 60 s, it is assumed 

that after 120 s the extraction surfaces are available. Since no requirements are placed on air 

inlet openings in the case of a design in accordance with the MVStättV, these are not modelled 

and the emergency exit doors as pressure compensation openings close after the 121st 

second. Table A2.13 shows the times until the safety objective criteria (Table A2.13) are 

reached at the relevant measuring points (see Figure A2.33 ).  
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The criterion "low smoke layer-height" is exceeded after a relatively short time. However, the 

dilution of the fire smoke is relatively high due to the large quantities of air mixed in, so that the 

criterion "optical density" is only passed much later. 

Table A2.13 Times in seconds until non-compliance with the assessment values for the 
scenario with opening of smoke extractor systems after 120 s  

Measuring point 
Optical density at 1.75 m 

height ≥ 0.2 1/m 

low smoke layer height 

≤ 2.5 m 

in front of the wall panel 

left/right 
380 s / 383 s 205 s / 207 s 

 

For this proof, a quadratic increase in the heat release rate with a time of 150 s / 1.4 = 107 s 

until 1 MW is reached is assumed. It is conservatively assumed that equipment-related 

measures will not be effective. Table A2.14 presents the results for the relevant measuring 

point in front of the wall panel. The FED of 0.3 is exceeded for this very conservative scenario 

after 717 s and 730 s, respectively.  

Table A2.14 Times in seconds to non-compliance with the safety objective criteria for the 
scenario without opening the smoke extractors  

Measuring point FED at 1.75 m height ≥ 0.3 

in front of the wall panel 

left/right 
730 s / 717 s 

In contrast to the conventional, purely physical criteria, the FED reflects the acute fire gas 

toxicity. It is not suitable to replace the above mentioned criteria, but represents a meaningful 

supplement. If, for example, seats with PU upholstery and PVC construction elements catch 

fire instead of the wooden auditorium seating, that has practically no effect on the height of the 

low-smoke layer and only little influence on the detection range, so that the actual increase in 

danger is not reflected. Only the FED is noticeably affected by this, as higher and additional 

pollutant yields are produced. Figure A2.32 shows the course of the FED at the measuring 

point on the left step in front of the wall panel for the scenario without SHEV. 

 

Figure A2.32 Course of the FED at the measuring point on the left step in front of the  

wall plate 
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The auditorium building with the dimensions 34 m x 29 m x 12 m (L x W x H) is equipped with 

20 rows of seats, each with 32 seats. For special events, in addition to the 640 people seated 

in the seats, further visitors can be seated on the stairways or in front of the rows of seats, so 

that a total of 1000 people can be accommodated in the lecture hall as a basis for assessment. 

The slightly rising rows of seats are accessed by two side and two middle aisles. Behind the 

rows of seats there is a wall panel with four passages, through which one can reach the two 

main access doors of the lecture hall, which are located next to each other, from the staircases 

via a front surface. The doors lead to the first level of an adjacent foyer building. There a 

staircase leads down to the ground floor with exits to the outside (Figure A2.33 ). The second 

escape route is provided by two exit doors located at the front to the left and right of the podium 

(Figure A2.34). 

The escape routes from the lecture hall are designed in accordance with MVStättV [A2.1]. 

According to the MVStättV, the number of visitors of almost 1000 persons requires an escape 

route width of ten modules of 0.60 m each, corresponding to a total free width of 6.00 m. These 

requirements are covered by the two main entrances and the emergency exits, each 2 m wide 

(12 modules, 8 m total width). The openings in the wall panel and the four stairways also cover 

the width of the escape route. The maximum length of the escape routes until a safe area is 

reached (the foyer or the open air) is also maintained. 

Evacuation via the main exits (escape route 1) and emergency exits (escape route 2) is 

considered. In order to highlight the similarities and differences that result from the use of 

different models frequently used in practice, the models listed in Table A2.15 were used in the 

basic settings given. The default values of the respective computer softwares were used for 

the basic settings, provided they were compatible with the definition of the scenarios. 

 

Figure A2.33 View of the lecture hall and foyer 
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Table A2.15 Overview of models used 

Type Model 

Capacity analysis Capacity analysis according to vfdb guidelines  

"moderate" capacity utilization 

Dynamic  

flow model 

Predtetschenski and Milinski [A2.22] 

("transitional street clothes", "normal conditions") 

Discrete individual model buildingEXODUS (Version 4.00) [A2.22] 

(Standard population) 

Discrete individual model PedGo (Version 2.5) [A2.24](Standard population) 

Continuous  

individual model 

FDS+Evac (Vers.: FDS 5.5.3, Evac 2.3.1) [A2.24] 

(Standard population "adult") 

Continuous  

individual model 

ASERI (Version 4.8) [A2.26] ("Evacuation", inhomogeneous 

population according to basic settings) 
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Figure A2.34 Plan view of the lecture hall with designation of the path elements of both escape 

routes (0) and the first and second escape routes (1-i and 2-i respectively)  

 

For this application example, a fire outbreak in the lecture hall will be investigated. 

According to equation (9.2), the evacuation time tevacuation is defined as the sum of the time 

spans tdetection, talarm, treaction and tescape. 

The time periods tdetection and talarm depend on the speed of fire development and the location 

where the fire started. When a fire breaks out in the lecture hall, tdetection and talarm become treaction. 

For the reaction times treaction of the persons, who may have a significant share in the total 

duration tevacuation, the procedure developed by Purser [A2.20] is proposed in Chapter 9, in 

which a distribution of the individual reaction times is assumed. The lecture hall falls under 

building category B (users are awake, unfamiliar with the building and there is a high density 

of people). Because of the easily recognizable location of the exits in the lecture hall, the 

building complexity is classified in category B2 as a "simple floor plan with several rooms (also 

multi-storey), construction predominantly corresponds to prescriptive specifications". An alarm 

system corresponding to category A2 "two-stage automatic fire alarm system with immediate 

alarm of a control center and subsequent time-delayed alarm of the affected areas" is present 

and effective. In addition, it can be assumed that the fire will cause a direct alarm to those 

present. The last parameter M for fire protection management according to Table 9.4 has a 

significant influence on the resulting reaction time. Reliable response times can only be 

determined for categories M1 or M2 that go beyond the required minimum standard, for which 

a loudspeaker system and, if necessary, trained personnel are required. For example, Table 

9.5 shows that for category M1 t1 = 1 min and t99 = 2 min and thus a reaction time interval 

of 1 min to 3 min. 

Since in this example the comparison of the models is in the foreground and macroscopic 

models cannot consider individual reaction time, an average reaction time of 2 min is assumed 

in the following. This is consistent with the fire scenario in A2.3.2, 2 min after ignition the fire 

burns there on 3.1 m2 with a power of 675 KW. It can be assumed that under these 

circumstances the escape movement has started for all those present. Due to the reference to 

the fire scenario, this period includes the times tdetection and talarm. Consequently, in order to 

determine the evacuation time, a reaction time of 2 minutes must be added to the movement 

time, the calculation of which is described below. 

 

The last summand of equation (9.2) is the duration of the escape movement until a safe area 

tmovement is reached. In the following, the models used are briefly explained with their specific 

application possibilities and limits for this scenario and the results achieved are compared. 

Further details on the model calculations can be found in [A2.28]. 

Capacity analysis 

The escape of people from the lecture hall takes place via various path elements for which 

empirical studies have provided data on the specific passage capacity (flow, usually in P/(m*s)) 

as a function of person density (P/m2) [A2.30]. For the scenarios considered here, the path 



Annex 2: Application example 

 

vfdb TB 04-01(2020-03) Guideline engineering methods of fire protection 449 / 464 

elements (Figure A2.34) to be considered are the aisles between the rows of seats, the 

stairways, the stairs up and down, the narrow places of different widths and the horizontal 

paths. By assuming a homogeneous behavior of the persons and a stationary flow of people, 

the movement times for the last persons to escape via one of the respective escape routes are 

obtained together with the specifications for the choice of escape route. 

Table A2.16 lists the path elements located in the escape route according to their position in 

the first (1-i) or second escape route (2-i) and provides their corresponding free passage widths 

(column 4) and maximum path lengths (column 8). Due to the use of the building as a lecture 

hall, moderate personal behavior is assumed and the specific flows (column 5) and walking 

speeds (column 9) of Table 9.6 for "moderate occupancy" (D ≈ 1 P/m2) are assigned to the 

path elements. This density is conservative compared to the alternative "optimal utilization" (D 

≈ 2 P/m2 ) in Table 9.6 due to the lower flow of people. 

The flow rate (column 6) is the product of free passage width (column 4) and specific flow 

(column 5). The total flow (column 7) is the product of the flow rate and the number of parallel 

route elements in the escape route (column. 3) The time taken (column 10) is the quotient of 

maximum length (column 8) and walking speed (column 9). 

For the first escape route, the elapsed time for the head of the slow of people via the lateral 

staircases (route element no. 1-1, approx. 8.3 s for the upper 5 m), the stairs (no. 1-3, 2.5 s), 

the narrow passage (no. 1-5, 0.3 s), the horizontal passage (no. 1-7, 15 s) and finally through 

an entrance door (no. 1-8, 0.5 s) into the secured foyer is ttime taken-1 = 26.6 s The main part of 

the flow of people must pass through the path element with the lowest total flow (column 7) 

and requires the time tBarrier-1. Since the elements 1-1 and 1-2, 1-3 and 1-4 as well as 1-5 and 

1-6 are each passed through in parallel, the two doors (nos. 1-8) with a total flow of 3.60 P/s 

are the bottleneck. The 1000 persons need tbottleneck = 1000 P / 3.60 P/s = 277.8 s to flow 

through. The movement time as the sum of t time taken and tbottleneck is tmovement-1 = 304 s. 

For the second escape route, the time taken for the head of the flow of people over the lateral 

staircases (no. 2-1, approx. 8.3 s for the lower 5 m), the stairs (no. 2-4, 1.2 s), the horizontal 

path (no. 2-6, 10 s) and finally through an emergency exit door (no. 2-6, 0.5 s) is time taken-2 = 

20.0 s. The emergency exit doors have the lowest total flow rate of 3.6 P/s (col. 7). The 1000 

persons need again the time tbottleneck-2 = 277,8 s for passage. The movement time as the sum 

of ttime taken and tbottleneck is tmovement-2 = 298 s. 

Table A2.16 Characteristics of the route elements to be passed when the auditorium is cleared. 
Movement parameters for "moderate utilization" from Chapter 9 
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0 Aisle between rows of seats 120 0.42 -1 0.631 75.60 - - - 

1-1 Lateral stairway upwards2 2 1.20 0.8 0.96 1.92 10.0 0.6 16.7 

1-2 Middle stairway up2 2 1.80 0.8 1.44 2.88 10.0 0.6 16.7 
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1-3 
Staircase between lateral 

aisle stairway and wall plate 
2 1.60 0.8 1.28 2.56 1.5 0.6 2.5 

1-4 

Stairs between the middle 

aisle stairway and the wall 

plate 

2 2.00 0.8 1.60 3.20 1.5 0.6 2.5 

1-5 
Lateral bottleneck in the wall 

plate 
2 1.40 0.9 1.26 2.52 0.3 1.0 0.25 

1-6 
Door in the wall plate for 

middle aisle stairway 
2 2.00 0.9 1.80 3.60 0.3 1.0 0.25 

1-7 
Route between wall plate and 

entrance doors3 
4 2.50 1.1 2.75 11.00 15.0 1.0 15.0 

1-8 Entrance door 2 2.00 0.9 1.80 3.60 0.5 1.0 0.5 

1-9 Stairs in Foyer4 2 2.40 0.8 1.92 3.84 15.0 0.6 25.0 

2-1 
Lateral aisle stairway 

downwards2 
2 1.20 0.8 0.96 1.92 10.0 0.6 16.7 

2-2 
Middle aisle stairway 

downwards2 
2 1.80 0.8 1.44 2.88 10.0 0.6 16.7 

2-3 
Stairs from middle middle 

aisle stairway to the front 
2 2.00 0.8 1.60 3.20 0.7 0.6 1.17 

2-4 
Stairs from the middle aisle 

stairway to the front 
2 1.20 0.8 0.96 1.92 0.7 0.6 1.17 

2-5 
Route between stairs and 

emergency exit 
4 1.20 1.1 1.32 5.28 10.0 1.0 10.0 

2-6 Front emergency exit door 2 2.00 0.9 1.80 3.60 0.5 1.0 0.5 

1   The capacity between the rows is independent of the width. According to [A2.22] for 

"normal" movement for persons in "mid-season street clothes".  
2     Steps are conservatively regarded as stairs with the same up and down movement 

parameters. 
3    If the area between the wall panel and the exit is used for exhibitions etc., the minimum 

width should be ensured. 
4    The staircase is divided in the middle by a double handrail according to [A2.1].  
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Table A2.17 P&M, 1st escape route - Parameters of the path elements for "normal conditions" 
with a projection area of 0.113 m2/P 
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Table A2.18 P&M, 2nd escape route - Parameters of the path elements for "normal conditions" 
with a projection area of 0.113 m2/P 
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Dynamic flow model according to Predtetschenski and Milinski 

Within the framework of the hydraulic approach, the dynamic flow models take into account 

during crowd flow across a distance, the crowd density may change and this may result in 

changing walking speeds and flow capacities. This relationship is also referred to as the 

fundamental diagram. In the approach according to Predtetschenski and Milinski (P&M) a 

projection surface [A2.22] introduced to take different groups of persons into account, so that 

the density of persons is not given in [P/m2] but in [m2/m2]. 

Assuming that the group consists of people in "mid-season street clothes", the average 

projection area is 0.113 m2/P, so that the correlation between person density and walking 

speed (a) or person flow (b) is overseen by the fundamental diagrams shown in Figures 

A2.35a+b. 

In order to obtain the density of persons in [m2/m2] in the model [A2.22], a specific flow 

("movement intensity ") qi at the route element i is assumed, which is composed of the density 

D times the velocity v. 

iq D v 
  (A2.40) 

It is assumed that the flow qi+1 in the next path element i+1 is calculated from the ratio of the 

path widths b to 

i
i 1 i

i 1

b
q q

b


 
  (A2.41) 

takes. According to the relationships shown in Figure A2.35, the flow qi+1 results in a new 

density and walking speed for the path element i+1. If the route element i+1 cannot cover the 

specific flow qi+1 required by the change of the path width, a congestion occurs and the 

calculation continues with the values for maximum density. The procedure is somewhat more 

complex than the simple capacity analysis, but the calculation steps can also be partially 

automated. 

  

Figure A2.35 The relationship between density of persons and (a) walking speed or (b) specific 

flow on different route elements for "normal conditions" from values according to 

[A2.22] 

Since the lecture hall is axially symmetrical, the evacuation of 500 persons is considered over 

a lateral (200 P) and central (300 P) staircase [A2.28]. Table A2.17 and Table A2.18 show the 

parameters for pedestrian densities (column 8), pedestrian flows (columns 10, 13, 15) and 
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velocities (column 17) in the notation according to P&M [A2.22] relation to the projection area 

of 0.113 P/m2 for the 1st and 2nd escape route.  

For the 1st escape route, the initial conditions to be applied are that the persons streaming out 

of the rows of seats on the stairways (elements 1-1 or 1-2) lead to a maximum person density 

of 8.14 P/m2 (column 7). Figure A2.43 a+b then shows a speed of 0.11 m/s (column  16) and 

a specific flow of 0.89 P/(m*s) (column 12) for the staircases as the "stairs upwards" route 

element. For the other route elements, the required flow is first determined, which results from 

the existing flow times the ratio of the route widths. If the required flow can be covered by the 

route element (see Figure A2.43 b), the new person density and speed results. For the route 

elements up to the stairs in the foyer, no further congestion will result. Both partial flows pass 

through the entrance door (no. 1-8) at 2 x 1.61 P/s (column 14).This requires a specific flow 

(col. 9) of 3.22 P/s / 2.4 m = 1.12 P/(m*s) on the stairs (nos. 1-9), which is no longer possible 

due to the "stairs downwards" (see Figure A2.41b). In the model, a dam with maximum 

passenger density and low specific flow of only 0.65 P/(m*s) over the stairs is assumed (see 

Figure A2.43 b). 500 persons need 500 P / (0.65 P/(m*s) * 2.4 m) ≈ 318 s (col. 18) to pass the 

stairs. Together with the time taken for the head of the crowd (column 19), this results in a 

movement time until entering the foyer stairs of 318 s + 39 s = 347 s. It can also be taken into 

account that the last approx. 81 people are present on the cross passage between the exit 

door (1-8) and stairs (1-9) over an area of approx. 10 m2 without congestion back into the 

lecture hall. This results in tmovement-1 = 347 s - 81 P / (0.65 P/(m*s) * 2.4 m) ≈ 295 s for the time 

until leaving the lecture hall.  

Table A2.18 applies to the 2nd escape route. On the rows of steps (no. 2-1 and 2-2) the 

maximum density of persons is reached again, thus limiting the flow of persons. No further 

congestion occurs along the escape route. The movement time is tmovement-2 = 63 s + 255 s = 

318 s. 

Microscopic modeling with ASERI 

The basis of the ASERI evacuation model [A2.26] is a description of the individual movement 

of the simulated persons (agents), whereby essential aspects for the escape behavior such as 

reaction and delay times, choice of escape route, behavior in case of congestion, individual 

mobility and space requirements are explicitly considered in the simulation. The building 

geometry is depicted three-dimensionally in the details relevant to the evacuation process 

(Figure A2.36). When selecting the individual escape route, individual preferences or an 

individual reaction to congestion formation are possible in addition to the usual standards 

(locally or globally shortest route, even utilization of the exits). The movement of persons is 

based on the simulation of elementary movement sequences within a crowd of people 

(unlocking, evading, overtaking minimum distance). In terms of space requirements, a 

"pedestrian" type agent in ASERI is characterized by shoulder and chest width as well as 

unobstructed ground level walking speed. On stairs the walking speed is reduced according to 

an empirical reduction factor, depending on the geometry of the steps. For the calculations, 

the basic setting recommended for mathematical verifications (movement mode ”evacuation”, 

inhomogeneous population) was used.  
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Figure A2.36 ASERI - 3D view of the simulation model with stairs in the foyer 

 

Figure A2.37 Congestion in the area in front of the main exits (1st escape route) for an ASERI 

simulation 
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Figure A2.38 Congestion in front of the emergency exits next to the podium (2nd escape route) 

for an ASERI simulation 

The floor plan in Figure A2.39 shows a section of the scenario with the upper part of the 

auditorium, the foyer and the upper section of the stairs leading to the main entrance. It can 

be seen that during the simulation for an evacuation via the 1st escape route, congestion occurs 

not only in front of the stairs in the foyer building, but especially in the area in front of the main 

exits, which also temporarily obstructs the flow of people from the two central exits of the 

auditorium. 

For the 2nd escape route, there are congestions directly in front of the two emergency exits 

(Figure A2.38). These obstruct the inflow from the lateral aisle stairways, so that the persons 

in the side rows of seats partially swerve to the middle aisle stairways. 

Table A2.19 ASERI - Escape times for the 1st and 2nd escape routes 

Escape time 1ST escape route 2ND escape route 

Minimum 321 s 306 s 

Maximum 328 s 319 s 

95 % 327 s 318 s 

Average value 324 s 311 s 

Table A2.19 shows the statistical evaluation of 10 calculation runs for each of the two 

investigated scenarios 1. and 2. escape route. The average escape time from 10 calculation 

runs is 324 s for the 1st escape route and 311 s for the 2nd escape route. 

Microscopic modelling with buildingEXODUS 

The discrete individual model buildingEXODUS [A2.22] was developed by the University of 

Greenwich. The geometry is represented by cells that are connected orthogonally or diagonally 

by arcs of a standard length of 0.5 m or 0.707 m. The lecture building with the adjacent 

staircase is discretized by horizontal cells, step cells, seating cells, and internal or external 

output cells (Figure A2.39 ). The persons of the preset "standard population" are located on 
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the seats and the rows of steps. The width of the route elements was rounded in each case 

following the recommendation in the software documentation, so that, for example, the 1.40 m 

wide lateral bottle necks at the wall plate (No. 5) is only shown as 1.00 m wide passages. With 

regard to movement on the steps, there is the alternative option of selecting a walk width of 

0.76 m for persons, which should take into account the fluctuating movement of persons on 

stairs. Since the gradient on the rows of steps is small and two persons can sit next to each 

other on one step, this option was not activated and a step width of two cells (1 m) was used. 

The default value of the maximum specific flow rate at the exits of 1.33 P/(m*s) was adopted. 

In contrast to the other models, a response time of 0 to 30 s was used here. 

 

Figure A2.39 Lecture hall discretised with buildingEXODUS with stairs to the foyer (left). On 

the right a detailed section of the seating and the left staircase. 

When escaping via the 1st escape route, the flow of people on the stairways is limited. In front 

of the staircase (Nos. 1-9) in the foyer building, small temporary congestions form that do not 

affect the auditorium. The average duration of escape from four stairways is 382 s. 

With the 2nd escape route, the flow of people is again limited on the stairways. For this purpose, 

small stationary congestions are displayed in front of the emergency exits (no. 2-6). The 

average escape time from four rake aisles is 265 s.  

Microscopic modeling with FDS+Evac 

Evac [A2.24] is an additional module for the CFD model FDS. A grid with a grid width of 0.2 m 

forms the basis of the analysis. As in the buildingEXODUS model, the rows of seats are 

simplified and straight-lined. The persons correspond to the FDS+Evac standdard population 

"adult" with a free walking speed of 1.25 ± 0.30 m/s. The speed on stairs for up and down 

movement is assumed to be 50% of the free walking speed. The actors reach the available 
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exits via potential differences. At the beginning of the simulation the persons are in the rows 

of seats and the aisle stairways. For both scenarios 10 calculation runs each were performed 

and the arithmetic mean of the escape time was calculated. 

 

Figure A2.40 FDS+Evac - Positions of persons after 80, 160, 240, 320 and 400 seconds for 

the 1st escape route (S. Schelter) 

 

Figure A2.41 FDS+Evac - Positions of persons after 45, 90, 135, 180 and 225 seconds for the 

2nd escape route (S. Schelter) 

Although the geometry of the room and the distribution of people are mirror-symmetrical, an 

asymmetrical distribution of the congestion is evident when using the first escape route 

(seeFigure A2.42 ). In the case of several existing doors (here: two exit doors located directly 

next to each other), FDS+Evac uses a special approach to estimate for the individual actor 

which route could be the most effective and thus the fastest. This procedure is repeated at 

regular intervals, which may also lead to a change in the preferred exit if another exit appears 

to be much more suitable. However, this reorientation is not fundamentally congestion-

dependent, but can take place well before such a change occurs, e.g., due to interactions with 

other people. For the 1st escape route, it can now be observed that in the area of the exits such 

a change of the preferred exit hardly ever occurs, which is why one door is partially blocked by 

the persons at the other door. This leads to a one-sided increase in congestion in the door 

area. This unrealistic effect was eliminated in a later version of FDS+Evac. The escape time 

until people pass the auditorium doors averages 373 s (fluctuation range < 2%) with a 

maximum specific flow at the doors of 0.85 P/ms.  

Similarly, when using the 2nd escape route, significant congestion occurs when entering the 

staircase aisles (Figure A2.43 ). In the area of the emergency exits, on the other hand, only 

minor congestions are recorded, so that the escape duration averages 239 s (fluctuation 

margin < 3 %). The maximum specific flow at the doors is 1.5 P/ms. 

Microscopic modeling with PedGo 
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The basis of the simulation with PedGo [A2.24] is a multi-agent model on a square cell grid 

with an edge length of 0.4 m, resulting in a cell area of 0.16 m² (Figure A2.42 ). The area of 

the cell corresponds to the standing area of a person in a dense crowd. In contrast to 

buildingEXODUS, edges are not explicitly represented. Each cell is connected to all accessible 

eight neighboring cells. There are too common and not accessible (wall, furniture, etc.) cells. 

Persons are represented as individuals (agents) with independent behavior, abilities and goals 

in discrete space and discrete time. Each person stands on a cell and moves from cell to cell 

towards the exit during the evacuation. Doors reduce the flow of people. To account for this 

effect, the simulated persons on door cells reduce their walking speed to a quarter. Stair cells 

are introduced to take stairs into account. Here the persons move at half speed. On their way 

to the exit cells the persons follow the routes given by the user. Each person has an individual 

set of parameters which is reassigned before each program run and which also contains the 

running speed (to be specified in cells/second) and the reaction time. The parameters shown 

in Table A2.20 were used to model the auditorium. The exact meaning of the parameters is 

explained in [A2.24].  

For the 1st escape route, the escape time (average value from 500 calculation runs) is 348 

seconds (standard deviation 7 s) for leaving the lecture hall, for the 2nd escape route 

correspondingly 276 s (standard deviation 5 s). Significant congestion (defined here as areas 

where a density of 4 persons/m2 or more occurs during at least 10% of the average total escape 

time) occurs on the stairways (1st escape route) or in front of the emergency exits 2-6 (2nd 

escape route) (Figures A2.43 and A2.44). Table A2.21 shows the statistical evaluation of each 

of the 500 calculation runs, where seed indicates the initialization of the random number 

generator. 

Table A2.20 PedGo - Input parameters 

 Min Max Mean Stddev. Distribution 

vmax (in cells/second) 2 5 3 1 normal 

Patience  not distributed    

Sway  1 5 3 2 normal 

Reaction 0 0 - - equal 

Dawdle  0 30 15 5 normal 

Inertia  1 5 3 2 normal 

Group cohesion None     
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Figure A2.42 PedGo - Discretization and initial situation (H. Klüpfel) 

      

Figure A2.43 PedGo, 1st escape route - positions of persons after 1, 2, 3, 4, 5 and 6 min (H. 

Klüpfel) 

     

Figure A2.44 PedGo, 2nd escape route - positions of persons after 1, 2, 3 and 4 min  

(H. Klüpfel) 

Table A2.21 PedGo - Summary of results 

 1st escape route 2nd escape route 

 s h:min:s seed s h:min:s seed 

Average value 348 00:05:48 4750 276 00:04:36 4713 

Standard 

deviation 7 00:00:07 --- 5 00:00:05 --- 

95%-fractile < 352 00:05:52 4741 285 00:04:45 4712 
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Table A2.22 shows the average values of the calculated escape times for the two lecture hall 

scenarios first and second escape route in comparison. The mean value from all model 

calculations for the evacuation of the lecture hall (escape time) is 338 s (1st escape route) and 

285 s (2nd escape route). This means that there are deviations between the models of -16 % 

to +13 %. These are thus within a range that is typical for engineering calculation methods in 

fire protection. It also shows that a simple model such as the capacity analysis does not always 

provide the most conservative results.  

As explained in Chapter 9, it is not sufficient to base the assessment solely on the calculated 

escape or evacuation times. Rather, the quality of the evacuation - and thus especially the 

congestion situation - should also be assessed. The location of the main congestion situations 

in the individual calculations and simulations is not always uniform. One reason for this is that 

the location of the congestion can change due to small changes in the route widths, as can 

already occur, for example, due to rounding in discrete models. Further model-specific effects 

were discussed in the description of the individual model calculations. 

In summary, it can be seen that critical points should be considered in detail in case of doubt, 

whereby a sensitivity analysis and, under certain circumstances, consideration with different 

models can be helpful. 

Table A2.22 Calculated escape times and compression characteristics 

Model 1st 

escape 

route 

tescape 

1st escape route 

congestion 

2nd 

escape 

route 

tescape 

2nd escape route 

congestion 

Capacity analysis 304 s Entrance door  

(no. 1-8) 

298 s Emergency exit  

(no. 2-6) 

Predtetschenski & 

Milinski 

295 s Aisle Stairways 

Foyer stairs 

318 s Aisle stairways 

buildingEXODUS 382 s Aisle stairways 266 s Aisle stairways 

PedGo 348 s Aisle stairways 

Main exits          

Foyer stairs 

276 s Aisle 

stairwaysEmergen

cy exit  

FDS+Evac 373 s Aisle 

stairwaysMain 

exits 

239 s Aisle stairways 

ASERI 324 s Aisle 

stairwaysMain 

exits 

311 s Aisle stairways 

Emergency exit 

The simulation calculations were performed and documented within the framework of the study 

[A2.26].  

 

On average over all model calculations for the evacuation of the lecture hall, the escape time 

is 338 s (1st escape route) and 285 s (2nd escape route). Together with the pre-movement time 

of 120 s this results in an evacuation time of 458 s for the first escape route.  
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For the fire scenario in the lecture hall, a comparison of the times until the performance criteria 

"optical density" (380 s) and "height of the low-smoke layer" (205 s) from Table A2.13 are not 

met with the specified evacuation time shows that a conservative approach cannot prove that 

the lecture hall is safe to evacuate, although it is essentially eligible for approval under the 

German building law.  

If it is assumed that the evacuation process is not significantly influenced by reaching the 

above-mentioned criteria, the additional consideration of the FED (FED > 0.3 after 717 s) also 

shows, however, that even under particularly conservative conditions (higher fire growth rate 

and failure of the SHE) no catastrophic outcome is predicted.  

For a conservative fire scenario in conjunction with a design-based evacuation scenario, a 

safety factor of > 1.5 should be aimed for together with the criteria "height of the low-smoke 

layer" or "recognition distance". It must be taken into account that the fire scenario, e.g. a 

cloakroom fire, can render parts of the escape route unusable. 

In addition, more extreme scenarios should be examined, in which overcrowding of the place 

of assembly and/or the failure of escape routes etc. are assumed. For these scenarios, the 

less conservative FED together with a safety factor can be used as an assessment criterion. 

Since the escape times are in a simple relation to the number of persons and the width of the 

bottlenecks, a maximum number of persons can alternatively be determined for the limit state 

of fulfilment of the safety objective. This allows the design reserves of the building to be 

identified. 

The development of graded scenarios is based on the procedure for safety considerations in 

the area of plant safety, which differentiates between "accidents to be prevented" and 

"accidents occurring despite preventative measures". 

Further considerations on the safety level and design fires in places of assembly that are 

eligible for approval according to the German Model Regulation Governing Places of Assembly 

(MVStättV) [A2.1] are given in [A2.28], [A2.30]  
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