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Preface 

With this is the graduation research project I want to complete my specialization in Building Physics 
and Services as part of the Architecture, Building and Planning master study. Because I am involved 
as a volunteer in the fire service organization, it was a great opportunity for me to do research into 
fire safety.  

The reason for this research is my concern about the response times of the fire services at this moment. 
There are many developments within the fire service. At the same time there is an increasing number 
of elderly people who living independently, the intention of this research is born.  

At the start of this research there are many questions. How important are the fire service's response 
times? What can the fire service organization do to increase fire safety? Why do the elderly have a 
greater risk of becoming a victim of fire? What can people do themselves to increase fire safety? Which 
measure is the most effective? What is the relationship between repressive measures and preventive 
measures? 

A research plan has been drawn up under the leadership of Ruud van Herpen. He has previously 
investigated the response times in other safety regions. The probabilistic approach of his earlier 
studies has formed the basis for this study. Ruud van Herpen works at ‘Nieman Raadgevende 
Ingenieurs’, where he specializes in the field of Fire Safety Engineering. 

I was introduced to Ruud van Liempd in the fire service organization. He worked within the fire service 
in the safety region Brabant-Noord. He is currently working at the ‘Instituut Fysieke Veilgheid’ as 
researcher. A few years ago he did his own research into fire safety with the help of various simulations. 
With his expertise on simulations, the fire service organization and on fire safety, he supported me 
during this research. 

Wim Zeiler supervises the research from the University of Technology in Eindhoven. His areas of 
expertise include renewable energy in the built environment, integral design, building services and 
building technology. He is directly connected to Ruud van Herpen within the University. During the 
research, he focuses on scientific importance and research methodology. 

I hope this research will lead to an increase in fire safety, especially among an older population.  
A completely new approach to fire safety engineering can lead to new ideas about fire safety. 

Enjoy reading! 

 

Mike van der Linden,  

Eindhoven, 6 August 2019  
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Abstract 

Research shows that the number of older people who become victim to a residential fire is relatively 
large. Of all fatal residential fires in the Netherlands, more than half of the victims are 65 years or 
older. This is remarkable because less than 20% of all people in the Netherlands are 65 or older. These 
incidents occur largely to people who living independently, without internal assistance organization. 
The expectation is that the number of victims will increase if no action is taken to increase fire safety. 

At the same time there are various developments in the fire service. Research shows that the fire 
service often arrives late at an incident location and cannot meet the stated response times. A large 
part of the fire service organization consists out of volunteers. More and more fire stations have 
problems to get enough volunteers to turn out quickly. Nevertheless, research shows that various 
rescues are carried out by the fire service every year. The fire service is nationally the only organization 
that can carry out an intervention in case of a residential fire in the Netherlands. 

With the help of an available safe time (AST) and required safe time (RST) analysis, research is being 
done into the problems surrounding fire safety among the elderly. Preventive and repressive measures 
are defined based on the most important factors form the problem analysis. The research was 
conducted probabilistically. This means that various variables are taken into account. An average 
situation is assumed where uncertainties are included. 

The determine the AST are various simulations were performed in CFAST. Two different cases are 
selected for this research. The simulations are performed in a gallery flat apartment and an apartment 
block apartment. A fire is simulated in the living room with a sofa as start object. This fire will develop 
into a flashover.  

A distinction has been made between two AST scenarios and two RST scenarios. The required safe 
time (RST-1) for an independent escape attempt is compared with the available safe time (AST-1) for 
an independent escape attempt. The required safe time (RST-2) for intervention by the fire service is 
compared with the available safe time (AST-2) to survival a fire. 

A literature study shows that elderly are more sensitive to the effects of smoke and heat. The room 
conditions are analyzed to determine the AST. Because elderly people are more sensitive, stricter 
criteria are used than with a normal population.  

An analysis of the RST-1 shows that older people have a longer detection time. Less than 70% of all 
people aged 65 and over have a working smoke detector, that is less than the national average. The 
elderly often have a reduced working of the senses, so signals from a fire or smoke detector are less 
quickly noticed. Due to congestive limitations, older people will also have a longer response time than 
normal people. Older people has a reduced mobility more often than average population, which 
means  it takes longer to travel to outside a building. 

An analysis of the RST-2 shows that in only 50% to 60% the response times that are mentioned in the 
Degree of Safety Regions are met. Different causes are mentioned in the research. 80% of the 
firefighters are volunteers, only 20% are professionals. Fire stations with volunteers in particular have 
difficulties in turn-out with enough firefighters and within the set response times.  An analysis shows 
that the fire service response time in an area with professionals is on average more than 100 seconds 
faster than in an area with volunteers.  

The RST-1 analysis shows that 80% of the problems are caused by the detection time. The RST-2 
analyzes show that more than 80% of the problems are caused by the detection time, fire service 
response time and the rescue time.  
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The AST-1 and AST-2 problem analysis shows that in the fire room, more than 80% of the problems 
are caused by the time constant. In the other rooms, more than 80% of the problems are caused by 
the configuration of internal doors or windows in the other rooms. 

Preventive measures are defined based on the problem analysis. To improve the detection time the 
following measures are investigated: increasing smoke detector density, increasing the smoke 
detector level of safety, deploying reporting by neighbors and deploying civilian assistance. To 
improve the time constant is the role of fireproof furniture investigated. To improve the smoke and 
heat spread caused by the configuration of windows and doors, the possibilities with automatic 
windows and automatic internal doors are investigated. 

Repressive measures are defined based on the problem analysis. To reduce the fire service response 
time are three measures investigated. This are area-specific response times, a day occupation at fire 
stations and a rapid intervention vehicle. To influence the rescue time uncertainty by the fire service 
the possibilities for other strategies are investigated. This are extinguish a fire before rescue and 
ventilate before rescue. Normally the fire service carry out a rescue before they extinguish a fire or 
ventilate a building of compartment. 

Increasing the smoke detector density is a relatively simple measure that can positively influence fire 
safety. Placing an extra smoke detector in the living room and in the bedroom appears to be an 
effective solution to alert older people faster. 

Fireproof furniture is the only measure that positively influences the room conditions in the fire room. 
It extends the available safe time in all areas. The position of the interior doors influences the 
conditions in the rooms that are separated from the fire area. A closed door between the fire room 
and another room ensures that the AST is increased.  

Switching to area-specific response times can provide more certainty about the response times of the 
fire service. If it is clear that the fire service has a longer response time, additional measures can be 
applied to increase fire safety in buildings outside of this areas. 

Deploying neighbors or civilians seems to be an effective and complete new solution. Neighbors or 
civilians can be alerted with the help of smart smoke detectors. If they are alerted, they can quickly 
report a fire to the fire service if necessary. In some cases they will be able to perform an intervention 
by extinguishing a fire or carrying out a rescue. Further research will have to show the feasibility of this 
solution. The police and the ambulance are already using civilian assistance. 

Preventive measures are much more effective than repressive measures. It is important to continue to 
invest on both sides. As long as there are no good alternatives, the role of the fire service remains 
important. 
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List of definitions and quantities 

A list of used quantities, indices and definitions in this study is given below. 

 
  
 List of abbreviation 

 AOW Algemene Ouderdoms Wet (General Old Age Act) 

 AST Available Safe Time 

 BS British Standard 

 CBS Centraal Bureau voor de Statistiek (Central Statistical Office)  

 CFAST Consolidated model of Fire And Smoke Transport  

 FEU Federation of the European Union Fire Officer Associations 

 FP Fireproof 

 FR Fire Retardant or Fire Room 

 FS Fire Service 

 FSE Fire Safety Engineering 

 GB Great Britain 

 IFV Insituut Fysieke Veiligheid (Fire Safety Academy) 

 ISO International Organization for Standardization 

 MCD Mild Cognitive Disorder 

 NEN NEderlandse Norm (Dutch Standard) 

 NIST National Institute of Standards and Technology 

 OMS Openbaar Meld System (Automatic Fire Report) 

 OR Other Room(s) 

 Pa Pascal 

 RCA Root Cause Analysis 

 REM Rapid eye movement (sleep) 

 RIV Rapid Intervention Vehicle 

 RST Required Safe Time 

 RVO Rijksdienst voor Ondernemend Nederland (Dutch Enterprice Agency) 

 SD Standard Deviation 

 SFPE The Society of Fire Protection Engineers 

 SW Slow wave (sleep) 

 TU/e Technische Universiteit Eindhoven (University of Technology Eindhoven) 

 US United States 

 WASO Wake time After Sleep Onset 

   
 

 List of symbols - Greek  

 λ Thermal conductivity [W/mK] 

 𝜑𝜑𝐻𝐻𝐻𝐻𝐻𝐻 Concentration hydrogen cyanide [ μl/l] 

 𝜑𝜑𝜑𝜑𝜑𝜑2 Average volume percent of carbon dioxide [%] 

 ε Emissivity [-] 

 𝜌𝜌 Density [kg/m³] 

 𝜇𝜇 Contraction coefficient [-] 
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 List of symbols - Latin  

 A Area [m²] 

 AST Available Safe Time [s] 

 C Capacity [m³/s] 

 C Specific heat [kJ/(kg∙°C) / kJ/(kg∙K)] 

 ci Concentration of toxic gas [-] 

 (ct)i Specific exposure dose for safe escape [-] 

 CO Carbon monoxide [ppm] 

 CO yield The net amount of carbon monoxide per gram of fuel [g/g] 

 CO2 Carbon dioxide [ppm] 

 CO2 yield The net amount of carbon dioxide per gram of fuel [g/g] 

 COHb Carboxyhemoglobin [%] 

 dxi Variation [-] 

 FEC Fractional Effective Concentration [-] 

 FED Fractional Effective Dose [-] 

 Hc Heat of combustion [kJ/kg] 

 HCl Hydrogen chloride [ppm] 

 HCN Hydrogen cyanide [ppm] 

 HRR Heat Release Rate [kW] 

 HRRPUA Heat Release Rate Per Unit Area [kW/m²] 

 HVco2 Hyperventilation factor [-] 

 LC50 Lethal concentration for 50% of the population [ppm] 

 NO2 Nitrogen dioxide [ppm] 

 O2 Oxygen [ppm] 

 OD Optical Density [m] 

 p Pressure [Pa] 

 q Radiant heat [kW/m²] 

 r Radiant heat exposure dose [(kW∙ 𝑚𝑚−2)3/4 ∙ 𝑚𝑚𝑖𝑖𝑛𝑛] 

 RH Relative Humidity [%] 

 RST Required Safe Time [s] 

 RTI Response Time Index [ms1/2] 

 SO2 Sulfur dioxide [ppm] 

 Soot yield The net amount of soot per gram of fuel [g/g] 

 si Standard deviation [-] 

 t Time [s] [min] 

 ∆t Exposure time [m] [s] 

 tIconv Maximum exposure time of convective heat [s] 

 tIrad Maximum exposure time of radiant heat [s] 

 T Temperature [°C] [K] 

 v Reference situation of the smoke layer [-] 

 V Volume [m³] 

 VE Volume of air breather per minute [l/min] 

 P(x) Chance [%] 

 m Total mass [kg] 

 n Number of values [-] 

 xi Stochastic [-] 

 x�i Mean value [-] 
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    List of definitions 

Available Safe Time 
Available Safe Time (AST) is the time available between the moment a fire starts and the 
room conditions in a room are such that they are getting dangerous to people in a 
room. 

CFAST 
CFAST is a two-zone fire model capable of predicting the environment in a multi-
compartment structure subjected to a fire. CFAST calculates with uniform temperatures 
per layer. CFAST means Consolidate model of Fire And Smoke Transport. 

Fire service 
The Netherlands Fire Service (Brandweer Nederland) consists of more than 28.000 
firefighters who are committed to their fellow citizens heart and soul and are working 
24/7 for a fire-safe society. 

Fire service response 
time 

The time between the assumption of the fire detection by the control room and the 
arrival of a fire service unit at the location of the incident. 

Fuel controlled fires 
A fire is fuel-controlled if the increase or decrease in the burning rate is determined by 
the amount of fuel that participates in the burning process. 

IFV 
The central office of the Netherlands Fire Service supports the collaboration among the 
25 fire brigades and is part of the Netherlands Institute for safety (Instituut Fysieke 
Veiligheid) 

Ventilation controlled fire 
A fire is ventilation controlled when the burn rate is controlled or determined by the 
amount of oxygen. This often occurs in small enclosed rooms. 

Pareto analysis 
The Pareto analysis assumes that a large majority of the problems (80%) can be traced 
back to a few important causes (20%). The Pareto analysis technique helps to identify 
the root causes (20%) that lead to 80% of the problems to be solved. 

Required Safe Time 
Required Safe Time (RST) is the time between the start of a fire and the moment that all 
persons are in a safe place outside the building or compartment. 

Safety region 
A safety region is an area in the Netherlands in which there is cooperation between 
various authorities and services in the execution of tasks in the field of firefighting, 
disaster and crisis management, medical assistance, public order and safety. 

Safety Region Act 

The Safety Regions Act is a Dutch law that entered into force on October 1, 2010. The 
law determines the duties of the management of a safety region and sets a number of 
basic requirements for the organization of the emergency services and the quality of 
the personnel and equipment. 

Time constant 
The multiplication factor at the time to the fire development. This is a derivative of the 
time factor used in the Fire Safety Engineering where it is the time at which a fire 
develops to 1 MW. 

Elderly In this study, these are people aged 65 or older. 

Prevention  
This is taking measures to prevent and limit fire, the consequences of fire and to 
guarantee the escape of people. 

Repression Repression is fighting a fire or rescuing people and / or animals. 

Root cause analysis A method of problem solving used for identifying the root causes of faults or problems. 

Flash over 
A near-simultaneous ignition of most of the directly exposed combustible material in an 
enclosed area. 
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1 Introduction 

In this chapter the problem definition is first explained. In the second section, additional background is 
discussed and in the last section, the research questions and research relevance are explained. 

 Problem definition 
Every year there are several victims as result of a fire in a building. Some people get injured in as result 
of a fire and other people are even killed as result of a fire. Buildings are becoming smarter. Still, it is 
not yet possible to bring the number of victims of building fires to zero. The number of fire notifications 
in buildings is also not significantly reduced.  

The number of casualties in residential fires has remained more or less the same in recent years. [1] The 
CBS registers the number of fire reports per year. Each year, there are between 35.000 and 45.000 fire 
reports in the period of 2008 till 2017 [2]. An overview of the fire reports in the last years is given in the 
appendix (statics).  

In the Netherlands, the number of deaths as result of residential fires varies between 50 and 100  
every year. The number of injured victims in case of a fire varies between around 700 and 1.300 people 
every year. Most of the victims are involved by fires in residential buildings. The statics of victims as 
result of a fire can be found in the appendix. 

Research by the Fire Service Academy (2007) has shown that more than 2,5 times as many fatalities 
occur amongst people aged over 65 than for people aged younger than 65 years old. [1] The figure 
below shows that a big part of the number of deaths by residential fires are 65 years and older.  
This figure shows the number of deaths per million people of the population.  

  
Figure 1-1: Relative number of deaths in residential fires. [3] 

From this figure can obtained that elderly are relative often involved by fatal residential fires. This figure 
suggest that higher ages are linked to a higher risk to a fatal residential fire. Especially people that live 
in a building with a residential function, and not in a health care function, are relative often involved.  

In the next figure is shown the number of death by residential fires in the period from 2008 till 2016.  
In red is given the average absolute number of deaths by ages per year. In blue is given the average 
relative number of deaths by ages per year.  
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Figure 1-2: Number of deaths per ages in residential fires. 

From this figure it can be concluded that an older person has a greater risk of becoming a victim of a 
fatal residential fire. The elderly (65 years and older) are a vulnerable group in cases of fire. The elderly 
are more often involved in fires in a domestic environment, in which they are often (fatally) injured. The 
aging population is more sensitive for the effects of a fire. Older people are also less able to act 
adequately in the event of a fire. 

The number of older people is expected to increase in the coming years. These people will also all have 
to be housed in the coming years. Although people stay vital for longer, people are also getting older. 
In the future, not everyone will end up in a care home but will have to live independently for longer. 

There are always care providers present in a care home. They can provide assistance in the event of an 
incident. In a normal home there is often no assistance available. The fire prevention facilities in normal 
homes are limited. In the Netherlands, the fire service is the only organization that provides assistance 
in the event of a fire. Especially for the elderly who are unable to flee themselves, the fire service may 
be able to perform a rescue. 

Around 80% of the approximately 24.000 operational firefighters in the Netherlands are volunteers. [2] 
The voluntary fire service in the Netherlands fulfills the same tasks as the professional fire service and 
has the same obligations. 

The actual provision of fire services has been arranged in the Dutch Safety Regions Act. In the 
Netherlands, the main task of the fire service is to provide assistance to building users in case of fire and 
to prevent fire spread to other buildings. In the Dutch Safety Regions Act are defined the following 
tasks for the fire service: 

• Preventing, limiting and fighting fire  
• Limiting and fighting hazards for people and animals if incidents other than fire occur.  

Research of the IFV showed that the fire service rescues a person in a residential fire on average every 
other day (343 in 2 years). But it is known that not all rescues in this study have been included, the actual 
number will therefore be higher.  

In one third of the victims there is a direct life threat: they are in the fire room or there is heavy smoke 
development in their immediate environment. In other cases, the victims are usually in the living room 
or bedroom, while the fire is located elsewhere in their home and the victims are aware of this. [4]  
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The Dutch Safety Regions Act has set standards for response times of the fire service in case of an 
incident. This is the time between the assumption of the fire detection by the control room and the 
arrival of a fire service unit at the location of the incident. 

The central government has carried out an investigation into the fire service's response times and 
coverage plans. The investigation shows that the safety regions cannot meet the set response times. [5]  
The following figure shows the percentage that meets the standard response times. 

 
Figure 1-3: Response times of fire service that meets the standards according Safety Regions Act. 

The fire services in the Netherlands meet on average 53% of the response time norms from the Safety 
Regions Decree. The percentages differ strongly per region and range from 28% to 82%. No region 
completely satisfy complete with the response times in their own coverage plans. [5]  

A major problem for the fire service is the shortage of volunteers. A lot fire stations does not get the 
schedules filled, certainly not at unpopular times. This means that in some safety regions with four 
instead of six firefighters, or sometimes with two, a fire will extinguished. In some cases, a fire station 
cannot provide fire service at all times. 

At the same time, the fire service places the responsibility for fire safety by residents themselves. People 
live longer independently. If the elderly stay healthy, they can continue living independently with 
relatively little care. But if they have health problems, adapted homes or extra care may be necessary. 
In a residential building is no internal emergency service. If an elderly person get in problems is this 
person dependent to the fire service. This is at this time the only intervention in case of a fire.   

The combination of the increasing aging population and the problems with the fire service are the 
reason for this research. The expectation is that if nothing changes in the future, the number of victims 
as a result of a residential fire will increase. 
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 Background 
In this section, additional background to the problem definition is discussed. Three topics that are 
discussed are fire safety, fire service and aging population. 

 Fire safety 
Fire safety is a common used term. Many people use the term fire safety in different contexts. The 
definition of fire safety is, "condition of an acceptable risk with regard to the probability and 
consequences of fire, which is also experienced as such by those involved".  

Fire is a dynamic process in which the time element plays an important part. There is a race between 
fire spread and smoke spread on the one hand and discovery, evacuation, rescue and suppressing the  
fire on the other. [6] There are various regulations to reduce the probability of fire and to limit the 
consequences of a fire.  

Human characteristics, building characteristics and fire characteristics determine the probability of fire, 
which can be influenced by preventive measures. The consequences of a fire are influenced by 
representative measures. The degree of fire safety is determined by five characteristics. The figure 
below shows the relations to this characteristics.  

 
Figure 1-4: Degree of fire safety. 

Prevention and suppression can involve architectural, installation and organizational measures. It is 
important that there is a right balance between preventive measurements and repressive 
measurements. 
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Preventive measurements with regard to fire safety are defined in the Housing Act and the 
Environmental Management Act. Specific regulations are included in the associated Dutch Building 
Code and Decree General Rules for Environmental Management. [7] 

A common used method to define the degree of fire safety is with help of an AST and RST. The definition 
AST means the available safe time and RST means required safe time. The next figure shows the 
relationship between this definitions.  

 
Figure 1-5: AST and RST. 

Available safe time is the calculated time available between ignition of a fire and the time at which 
tenability criteria are exceeded in the means of egress. AST should be longer than RST by an acceptable 
margin of safety. Required safe time is the calculated time necessary between ignition of a fire and the 
time at which all occupants can reach an area of safety. [8]  

The safety margin, in this case the difference between AST and RST. How bigger this margin is, how 
better the fire safety is. In the appendix is given an extensive definition of the AST and RST scenarios 
that are used in this research.  

 Fire service 
Almost 80% of the approximately 24.000 operational firefighters in the Netherlands are volunteers. [2] 
The voluntary fire service in the Netherlands fulfills the same tasks as the fire service and has the same 
obligations. Volunteers follow the same training and exercises as professional firefighters. 

In the Netherlands, the Safety Regions Act has been in force since October 1, 2010. This act replaces 
several older acts. Through introduction of the Safety Regions Act the entire fire service organization 
has been reorganized. This act envisages efficient and properly organized fire services provision, 
medical emergency response and crisis management, controlled by one regional administrative  
body. [6] 

In the Safety Regions Act requirements are imposed on the organization of emergency services and 
requirements of the quality of staff and equipment. In the Safety Regions Act and Fire Services Provision 
are defined the following tasks for the municipality. 

• Preventing, limiting and fighting fire, limiting fire hazard, preventing and limiting accidents in 
the event of fire and everything else associated with it.  

• Limiting and fighting hazards for people and animals if incidents other than fire occur. 

These tasks are partly carried out by the fire service, as mentioned in the problem definition. The fire 
service works with the safety chain. This safety chain consists of pro-action, prevention, preparation, 
suppression and aftercare. If one of these topics fails, the chain breaks. The weakest link determines the 
strength of the chain.  



 
6 
 

Fire safety is not only guaranteed by preventive regulations. suppression is also an important link in the 
safety chain. It is important that there is a right balance between parts from the safety chain. Suppression 
and prevention are the two most important factors in the safety chain in relation to fire safety by elderly. 

 
Figure 1-6: Parts of safety chain of fire service in relation to fire safety. 

The chance of success of a deployment by the fire service depends on the intervention time. This is a 
combination of the fire service alarm time, turnout time, drive time and rescue time together. This means 
the time between the assumption of the fire detection by the control room and the moment that all 
victims are rescued and outside the building or at a safe place in the building.   

Dutch Safety Regions Act has set standards for response times of the fire service in case of an incident. 
This is the time between the assumption of the fire detection by the control room and the arrival of a 
fire service unit at the location of the incident. This is a combination of alarm time, turnout time and 
drive time together. These times are determined per function of a building.  

 Response time Building function 

5 minutes 
Shop function with a closed structure, buildings with a residential function above a building 
with a shop function and buildings with a cell function 

6 minutes Portion house, portion flat and buildings with a residential function for reduced self-reliance. 

8 minutes 
Other residential function, shop function, health care function, educational function and 
accommodation function. 

10 minutes Office function, industry function, sport function, meeting function, and other use function. 

Table 1-1: Standard response times according Safety Regions Act. 

The standard response times stated in the Safety Regions Act have always been based on experience 
and existing methods. They used to be, and still are, mainly used to help calculate the optimum locations 
of fire stations rather than hard and fast minutes that serve to indicate what the chance of saving human 
lives is if the fire service arrives within a certain time. [6] 

Each safety region must make a policy plan every four years. This policy plan must describe the how to 
reach the response times of the fire services. The make in their policy plan a coverage plan with 
intervention times of all the buildings in the region. To determine this response times, they make use of 
the calculations which determine which fire service unit can arrive on site the fastest.  

The national average percentage of interventions by the fire service of 112 reports reached within the 
standard time norms is 53%. In the research a distinction is made between 112 reports and automatic 
fire reports. 112 notifications are fires that are reported by telephone to the control room. Automatic 
fire notifications have a shorter alarm time, and that results in a national average percentage within the 
standard time norms of 70%. 
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Research shows that there are several problems with achieving the standard response times indicated 
in the Safety Regions Act. The main causes are: 

- Understaff on voluntary fire stations 
- Insufficient firefighters available in the function of commander 
- Insufficient firefighters available in the driver's position 
- The location of fire stations and posts 
- The way of working out the coverage plan 
- Calculated drive times are not realistic  

In addition, the Netherlands is facing increasing traffic. This makes it more difficult for the fire service to 
come to an incident location quickly. The need to stop traffic growth is evident. But which solution will 
work exactly is less clear. Over the past decades, several cabinets have been dealing with traffic jams. 
It is expected that the traffic will only increase in the coming period. [9] 

In order to reduce the number of false notifications, the fire service in some safety regions has chosen 
not to send a fire service unit to each automatic fire report. This results in a longer response time.  

The safety region Twente has conducted research into 100% of the fire reports. From the statics can 
obtain that fire service is most often alarmed for building fires in residential buildings and industrial and 
agricultural buildings. In addition to the fact that most fire alarms are reported in residential buildings, 
it appears that there are also relatively the most victims in this type of building. A table with the 
complete statics can be found in the appendix.  

The IFV has also investigated rescues by the fire service in the event of a fire. The IFV has collected data 
on the type of home where the rescues have been carried out. The results are shown in the following 
graph. This shows that the fire service performs the most rescues in a portion apartment. [4] 

 
Figure 1-7: Number of rescues carried out by fire service per building type. 

The report also investigated the reasons why someone should be saved. Most victims are not able to 
flow anymore, some victims have decided not to flee or have not yet discovered the fire. The report 
mentions a rapid smoke and heat spread as most important reason for victims who are not able to flow 
anymore. An overview of the needs for rescue is given in the appendix. 
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 Aging population 
With ageing of the population is defined in this rapport the increasing percentage of elderly in Dutch 
society. In the literature is used often the terms ‘elderly’, ‘old-aged’ and ‘senior’ population. Here is 
meant persons of 65 years and older. This age is linked to the pension-entitlement age, which has 
applied over the past few decades in the Netherlands and in other western countries. [10] 

 The life expectancy of people strongly increases. People getting older. The growth of the elderly 
population has increased significantly. For a long time, the Dutch population prognoses predict an 
acceleration in the growth of the number of over-65s from 2011, the year in which the first baby boomers 
turn 65 years. Less well known is the fact that even before the war, from 1937, there was an increasing 
number of births. [11] Between 1937 and 1944 the annual number of births rose from 170 to 220 
thousand. This results in a group of 2,5 million people that are 65 years and over. This trend is displayed 
in the next graph, that is obtain from a rapport of the CBS.  

The current elderly is different from the elderly from a few decades ago. Older people are longer vital. 
The living conditions of the elderly are different from those of a few years ago. This group has more 
money to spend and live longer and more actively. Elderly people today are also more mobile than 
older people from a number of decades back. But the decline of physical and cognitive possibilities are 
characteristics of the elderly.  

 
Figure 1-8: Population of 65 years and over. [11] 

With the increasing number of elderly people, the demand for care for the elderly is also increasing. 
These increases caused an increase in the costs for elderly care. The government wants the elderly to 
stay at home longer. Cost was one of the reasons for the government to increase the thresholds for 
admission to a nursing home again.  

In 2010, up to and including 2012, an average of 2,5 million elderly people still live independently. In 
2030, approximately 4 million elderly people will live independently. This means that the number of 
people over 65 years living independently will increase by more than half in the future. 

A prognosis has been made by CBS about the population in the Netherlands. The next figure shows the 
population in 2014 and the expected population in 2030. [12]  
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Figure 1-9: Population in 2014 and in 2030 [10] 

As can be seen in the graph, the population group strongly increased at all ages. The largest percentage 
increase of the population over 65 years takes place within the 80-85 age group. Around 2040 it is 
expected that the aging will reach its peak. The number of elderly people is then estimated at 4,8 million 
Dutch in 2040, more than 26% of the total Dutch population. Until 2060 the number of elderly people 
will continue to fluctuate around 4,8 million.  

Nursing home places are expensive. Someone who receives 24 hours of care costs almost 6.400 euros 
net per month. With the aging of the population it is unaffordable to arrange that for everyone. In 
addition, nursing homes already suffer from staff shortages. 70% of nursing homes do not have enough 
staff. [13] 

In the coalition agreement 'Bruggen slaan' of October 29, 2012 it has been established that only people 
with the highest indication for care are still entitled to a place in a care or nursing home. [10] The 
government wants to reallocate expenditure for outsourcing professionals to more societal involvement 
in care for the elderly. The intention of the policy is to get more elderly to live independently at home 
for longer, while making use of network-based care when this is possible, and professional care when 
this is necessary.  

Hence the percentage of elderly who get referrals for placement in a nursing or care home will reduce. 
[10]  In 2010 to 2012 there were on average 113 thousand people aged 65 years and older in a nursing 
or care home. In 2010, up to and including 2012, an average of 2.5 million elderly people still live 
independently. This involves risks in relation to fire safety. In this buildings is no internal emergency 
service present.  

The IFV has analyzed the number of victims expected in the future. The analysis is based on building 
function and the average number of occupants per building type. They expect the number of victims 
per million inhabitants to remain the same if nothing changes. Because the number of older people 
increases, the number of victims will increase. The IFV has made a prognosis of the expected number 
of deaths in 2030. [10] 

The number of deaths under aging people that live independently is expected to grow with 64,7%. The 
expected number of death of people that live in a nursing of care home is still constant. [1] An overview 
of the calculations can be found in the appendix. 
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Figure 1-10: Expected number of deaths that are 65 years and older now and in 2030. [10] 

In 2010 to 2012, an average of 113 thousand people aged 65 and older lived in a nursing or care home. 
In 2030, approximately 112 thousand elderly people will live in a nursing or care home. It is therefore 
expected that in 2030 there will be fewer people living in a nursing or care home than is currently the 
case.  

Previous research has indicated that there are a number of reasons why this group elderly has a higher 
probability of fire. The next risk factors can be given. [10] 

• People who have certain physical and mental restrictions or impairments have an increased 
chance of fire and burns. These restrictions occur more often among the elderly than for those 
under the age of 65, and also often in combination with each other. 

• Aside from physical and mental factors, certain social factors form an additional fire hazard 
among the elderly. This includes living alone and social isolation (loneliness). 

• Smoking and cooking are the biggest causes of fire for those under 65 as well as those over 65 
years of age. In combination with physical and/or mental restrictions this risk is particularly big. 

• Older housing (roughly houses built before the 1992 Buildings Decree) usually has a higher 
chance of fire and is not built for a safe escape from fire. In addition, in recent years new forms 
of housing has come about, namely senior citizen complexes for living independently. During a 
fire a substantial portion of inhabitants are less self-rescuing and the fire service is often faced 
with the almost impossible task of rescuing these people. 

Many people aged 65 and over live in so called senior citizen complexes. This are residential buildings 
which were turned into independent homes through acquisition by the owner or through transformation 
from care homes, and were almost exclusively inhabited by elderly who had less ability to leave without 
assistance. Research showed that in this objects occurred many fires. [1]  

The expected problems of aging people that live longer independently at home are related to the 
human characteristics. Older people are more sensitive for the effects of fire and smoke. Also the 
physical aspects of older people are related to human characteristics. 

Also building characteristics are related to the problem of aging people. Residential building has other 
preventive measurement standards than buildings with an use function of (health) care. On top of that 
are building more and more isolated. That means that there is less natural ventilation. This will reduce 
the oxygen supply in case of a fire. Also the furniture consist more plastics and other combustion 
products. The problems around the fire service are related to the intervention characteristics.   
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 Research approach 
In this section a review or earlier research into the subject. Research questions are formulated based on 
the problem definition, background and previous research. The purpose and relevance of the research 
is then discussed. 

 Previous research 
There is a lot of research done around fire safety of the ageing population and the issues at the fire 
service. Many of these reports investigate the extent of the problems and end up with 
recommendations. Only a few reports ends with concrete numbers or tools that can increase the fire 
safety. The most important reports related to this problems are summed up.  

Fire Safety and the aging population 
This study is done by the IFV. This research consist out three parts with their own research question. 
Some conclusions of these reports are already mentioned in the problem definitions and background. 
In this research the following research questions where investigated.  

How many victims (over-65s) of a fatal fire in a residential environment can we expect up to and including 
2030? [10] The age structure of the Dutch population was investigated with a literature study. In 
addition, the cabinet plans for the coming years have been investigated in the literature.  

Based on these data, a prognosis is made of the number of elderly people who will become victims of 
fire in 2030 if policy remains unchanged. This study shows that the number of victims among the elderly 
who live independently will increase if nothing changes. 

Which risk factors with regard to elderly people have an influence on death as a result of a house fire? 
[14] To answer this question, the risk factors for the elderly to die as a result of a fire are examined 
nationally and internationally. For this, a literature study is carried out.  

In this research is established to what extent specific characteristics of the elderly correspond with the 
characteristics of victims in fatal residential fires, and which risk factors are identifiable. 

Which (inter) national preventive safety interventions with regard to the prevention of fire (wounds) in 
the elderly are there? [15]  A mix of measures is required to enable three solution strategies to be 
effectuated. [15] 

• Influencing fire-safe behavior of the elderly (and their social environment such as neighbors, 
children, caregivers, home careers, et cetera). 

• Applying innovative technical facilities such as rescue mattresses, gas cooker safety switches, 
smoke detectors with automatic alarm response services and portable sprinklers. 

• Adapting regulations for senior citizen complexes, so that these complexes are also compliant 
with the starting points of the Buildings Decree. 

Toolbox brandweer inzet 
The Safety Region Noord-Holland Noord has commissioned Nieman Raadgevende Ingenieurs to 
develop a toolbox for firefighting, from which the consequences for the response times of the fire 
service can be determined. The purpose of the firefighting toolbox is to use a number of simple tools 
to make a risk assessment for repressive firefighting, based on fuel characteristics and architectural 
characteristics, with taking into account the time that is required to extinguish the fire. 

In this report an AST and RST is determined. In order to be able to establish the AST, a large number 
of situations with associated fuel and building characteristics have been simulated with help of the 
natural fire concept. The RST is determined by the time it takes to be operational and to bring water to 
the fire, in short operational time.  
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Ter Plaatse 
The Minister of Security and Justice investigated the performance of the fire service and the response 
times. The Inspectorate of Security and Justice has collected the data from 25 safety regions that have 
been recorded over the period 1 July 2009 up to and including 30 June 2011 in the Joint Control Room  
System. [16] 

The most important conclusion is that fire services in the Netherlands meet 67% of the number of 
response times according to the time norms from the Safety Regions Act. The percentages differ 
strongly per region and range from 43% to 86%. In no region is the quality requirements (time standards 
and coverage percentage) fully met from the own coverage plans.  

RemBrand 
This research was done by a project group. They want to identify criteria (or indicators) that influence 
fire safety in the Netherlands. The research question was: how do we achieve fewer fires, fewer 
casualties and less damage and who can influence or bring about this? This research has been performed 
qualitatively. It describes all parts of the safety chain. 

The main conclusions from the research are the shortening of the discovery time of a fire by improving 
the smoke detector density. Reducing the burn rate by promoting fireproof upholstered furniture, 
without flame retardants. Promoting fire-safe technology and fire-safe behavior. Strengthening the 
craftsmanship of fire safety in construction and installation technology and strengthening the role of 
municipalities in bringing the facet policy together. 

There are also a number of recommendations for the fire service m the report. This recommendations 
are switching to area-based response times, the development of an uniform national methodology for 
regional fire risk profiles and promoting knowledge development. 

Het kan verkeren 
Practice and (international) theoretical research have shown that fires have changed in recent years due 
to the increasing use of plastics in furniture and building insulation. This research is 'descriptive' for the 
six fire tests in Zutphen. Various real fire experiments were carried out in old houses.  

The objective of this research is to investigated the fire development in a living room, kitchen and 
bedroom fire in a home that is common in the Netherlands with a device that is common in many 
households in the Netherlands. 

The conclusion is that no standard configuration of the Dutch dwelling can be determined, therefore no 
standard fire development can be determined. The manner in which the fire will development and the 
extent to which a resident can still survive in the event of a fire, is largely determined by the conscious 
and unconscious choices made by the residents.  This has a strong relation with the living habits of a 
resident, characteristics of the building and characteristics of a intervention by the fire service. 

Rescues by residential fires 
In this IFV report the research question was: how often did the fire service rescue people in 2014 and 
2015 in case of residential fires and what are the circumstances of these rescues? The rescues were 
collected via media reports and information (notifications) from fire services.  

In this research only unintentional fires are investigated. The rescues that meet the definition were 
investigated with help of questionnaires completed by the commanders of the fire service. The 
investigation showed that the fire service rescues a person in a residential fire on average every other 
day (343 in 2 years). However, it is known that not all rescues in this study have been included, the actual 
number will therefore be higher. [4] 
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 Research questions 
A lot of research has already been done to fire safety in relation to the ageing population and into the 
problems surrounding the response times of the fire service. The common conclusions are that various 
measures must be applied to ensure that fire safety is not impaired. Little is known about the relationship 
between preventive measures and repressive measures. This research will further discuss the 
combination of preventive and repressive measures to increase fire safety among older people. 

Earlier research shows only one part of the measurements, only prevention of only suppression. And in 
the most cases no account is taken of the characteristics of the elderly.  

The main objective of the research is to make a link between suppression and prevention. The main 
objective by making a link between suppression and prevention is to improve the fire safety. There 
relation between prevention and suppression will investigated. What means repressive measurements 
for the preventive measurements and what mean preventive measurements for repressive 
measurements. What is the right balance between this two parts and what is necessary to improve the 
fire safety of the aging population that live independently in a residential building.  

Two research questions are defined.  

• What is the influence of preventive measures on the fire safety of residential buildings by aging 
people?  

• What is the influence of the intervention time of the fire service on the fire safety of residential 
buildings by aging people? 

This report will focus on the combination of fire safety and aging people. This means reducing victims 
in residential functions. The research will not focus on damage control of the building and public space.  

 Research objective 
This research is intended to increase fire safety in the future. This means limiting (older) victims of 
residential fires in the future. This research wants to achieve this by making a link between prevention 
and suppression. This research concerns the relationship between preventive measures and repressive 
measures to increase fire safety. The concrete purpose of this approach is to determine to what the 
response times imposed in the Safety Regions Act are actually useful and how they can or should be 
deviated from. 

The research will result in recommendations that will increase fire safety in the future. This requires 
measures and actors. This research investigates the current role of the fire service, occupant and 
building contractor. This makes it possible to consider if the response times imposed in the Safety 
Regions Act are really necessary. And it consider if it is necessary to take preventive or repressive 
measurements to compensate the problem of a deceasing fire safety among the aging population.  

 Research relevance 
This research contributes to the available knowledge. In other investigations, no quantitative link is made 
between preventive and repressive measures. In this research, a quantitative link between preventive 
measures and repressive measures is made and the most effective measurement is determined.  

The aim of the research is to link prevention and suppression together, so that repressive and preventive 
provisions can be taken into account in a (semi-) quantitative model. This requires a probabilistic 
approach. Stochastic variables are taken into account in simulations. A completely new approach for 
Dutch engineering practice and also for the safety regions.  
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2 Methodology 

The research methodology is discussed in this chapter. The research report is structured using the 
Pareto analysis. An AST-RST analysis is used to determine the degree of fire safety. The probabilistic 
approach, the chosen simulation software (CFAST) and the method of data collection are discussed.  
A reading guide can be found at the end of this chapter. 

 Pareto analysis 
The Pareto principle will be used to investigate the root causes of the problems around the fire safety 
of the aging population. The Pareto analysis assumes that a large majority of the problems (80%) can 
be traced back to a few important causes (20%). The Pareto analysis technique helps to identify the root 
causes (20%) that lead to 80% of the problems to be solved.  

 
Figure 2-1: Pareto Analysis or 20/80 rule, steps of a Pareto analysis and report steps. 

In earlier studies, the Pareto analysis is often used to analyze the use of energy in buildings. This Pareto 
analysis method consist out of six steps. The figure shows the order of this six basic steps of a Pareto 
analysis in red and the chosen steps in the report in blue. The structure in the report is based on the 
steps of the Pareto analysis.  

In step 2, the root causes of the problems will investigated. The cause-effect of these problems can be 
identified by a Root Cause Analysis, also called RCA. The RCA can defined with three steps [17]:  

1) Collect data: Systematically collect data and notify the problem. Determine for how long this 
problem has been occurring. Determine the frequency (quantify) and the impact (if the problem 
will not be solved) of the problem.  

2) Define and classify possible causes: Identify how and under what conditions the problems 
arise, and identify what other problems arise if these identified problems are solved.  

3) Define root causes: Define the causes that induce the problems and define their correlation.  

With the help of this analysis method, the problems around fire safety and the aging population will be 
investigated. If the causes are known, solutions can be defined. This solutions are part of the sixth step 
of the Pareto analysis, take action. The effect of the solutions will be investigated in this research.  
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 AST and RST 
The starting point in this method is that a building user must be able to leave a building without incurring 
any health damage. The intention is that residents have the opportunity to leave a building and find 
themselves in a safe environment. In this simulation the condition within a fire compartment will be 
investigated. The effects outside the compartments of an apartment are not included in this method.  

An AST and RST analysis will be made using a probabilistic approach. The available safe time (AST) is 
therefore determined by the room conditions. The AST can be equated with the time when the room 
conditions become so threatening that there is a real risk of health damage to the fleeing building users. 

The available safe time (AST) must be compared to the required safe time (RST). A sufficient safety 
margin has to be taken into account as well. The required safe time and the margin must be shorter 
than the time that elapses before the fire has developed into a life-threatening situation. 

 
Figure 2-2: AST and RST. 

Escape safety contains a lot of uncertainty for both AST and RST. The smaller the interval (safety margin) 
between AST and RST, the greater the chance of failure (the chance that safe escape cannot be made) 
increases. Two RST scenarios are investigated in this study. The first scenario assumes an independent 
flee attempt. In the second scenario, the role of an intervention by the fire service is investigated. 

 
Figure 2-3: AST and RST scenario 1. 

It is possible that a person cannot flee or a person decides not to flee. The fire service is the only 
organization in the Netherlands that could perform a rescue in the event of a fire. But it is also possible 
that neighbors or bystanders perform a rescue, if the conditions allow it.  

 
Figure 2-4: AST and RST scenario 2. 

The role of building characteristics and fire characteristics are investigated in the available safe time. 
Uncertainties will be included in the AST analysis. Simulations will be used to analyze an AST scenario. 
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 Probabilistic approach 
The AST is determined by performing simulations with certain characteristics. The RST is determined by 
adding a number of values together. This approach is not deterministic, because the boundary 
conditions are uncertain. 

That is why a probabilistic approach has been chosen. The various uncertainties are included in the 
probability of failure. The probability of failure is determined by AST<RST. A sensitivity analysis is 
performed to be able to perform a probabilistic analysis. Each random variable is varied individually with 
its (estimated) standard deviation. This method is also applied in a research of Van Herpen [18]. 

The probability distribution of the various random variables are not known. But the standard deviations 
can be determined or estimated relatively easily. Because a large number of variables are involved in 
the determination of the AST or RST, a normal distribution is based on the central limit theorem is 
assumed. The central limit theorem establishes that multiple independent random variable their 
properly normalized sum tends toward a normal distribution even if the original variables themselves 
are not normally distributed. 

If there is no standard deviation from a value available, it is determined using the following method. 

 

The following calculation rules are applied by defining stochastics. 

Each stochastic 

Number of values 𝑛𝑛 

Chance 𝑃𝑃(𝑥𝑥) 

Stochastic 𝑥𝑥𝑖𝑖 

Mean value �̅�𝑥𝑖𝑖 

Variation 𝑑𝑑𝑥𝑥𝑖𝑖 

Standard Deviation 𝑠𝑠𝑖𝑖 
Table 2-1: Calculation rules by each stochastic. 

For an AST and RST analysis are additional calculation rules defined.  

AST and RST analysis 

Variation 𝑑𝑑𝑑𝑑 

Specific Variation per stochastic 𝑑𝑑𝑑𝑑/𝑑𝑑𝑥𝑥𝑖𝑖 

Specific Variancy per stochastic (
𝑠𝑠𝑖𝑖𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥𝑖𝑖

)2 

Total Variancy 𝑣𝑣𝑣𝑣𝑣𝑣 =  � (
𝑠𝑠𝑖𝑖𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥𝑖𝑖

)2
𝑖𝑖

 

Standard Deviation 𝑠𝑠 =  √𝑣𝑣𝑣𝑣𝑣𝑣 

Table 2-2: Calculation rules by RST and AST analysis. 

  

�̅�𝑥 =  
𝑥𝑥1 ∗ 𝑃𝑃1 + 𝑥𝑥2 ∗ 𝑃𝑃1+. . + 𝑥𝑥𝑛𝑛 ∗ 𝑃𝑃𝑛𝑛

𝑛𝑛 ∗ ∑𝑃𝑃
 

 

[2.1] 

And next step:  
  

𝑠𝑠𝐻𝐻 = �
1
𝑁𝑁

 �(
𝐻𝐻

𝑖𝑖=1

𝑥𝑥𝑖𝑖 − �̅�𝑥)² 
[2.2] 
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 CFAST 
The calculation simulations are modeled in CFAST, version 7.2.4 of NIST (2018). 

Fire models enable calculations to be made on how a fire develops. Models can be used to simulate 
fires. A two-zone model is based on the assumption of stratification by a horizontal separation between 
a hot zone, the smoke layer, and a cold zone, the smoke-free layer. As the fire develops further, the 
smoke layer will become thicker and the temperature in the smoke layer will rise. The smoke-free zone 
becomes smaller. [6]  

CFAST is a two-zone fire model capable of predicting the environment in a multi-compartment structure 
subjected to a fire. CFAST calculates with uniform temperatures per layer. CFAST means Consolidate 
model of Fire And Smoke Transport.  It calculates the time-evolving distribution of smoke and gaseous 
combustion products as well as the temperature throughout a building during a user-prescribed fire. 
For all zones and for the model as a whole the following conservation laws are used: 

- Conservation of mass 
- Conservation of energy 
- Conservation of particles 

The figure below illustrates a simple overview of a 2-zone model. 

 
Figure 2-5: Two zone model CFAST. 

It also possible to modeling a shaft compartment. This is a single-zone model. The conditions in the 
compartment are calculated as a single well-mixed zone. This can applied in rooms which have no 
open connection to the compartment where the fire is simulated. 

The combustion model in CFAST is defined by the following one-step reaction [19]: 

 
In this combustion model it is assumed that all the nitrogen and chlorine in the fuel are converted to 
HCN and HCl.  

CnCHnHOnONnNClnCl + νo2O2 →  νCO2CO2 + νH2OH2O +  νCOCO + νSSoot + νHCLHCL + νHCNHCN [2.3] 
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 Data collection 
The research uses data obtained from a literature study and a qualitative analysis is made using an AST 
and RST method.  

 Building characteristics 
The RVO (Dutch Enterprise Agency) designed a set reference buildings. This set includes a number of 
common types of homes and utility buildings that have been calculated based on the intended 
requirements for almost energy-neutral buildings. They have designed a reference apartment block and 
gallery flat. This buildings are used to perform simulations to make an AST analysis.  

 Intervention characteristics 
To investigate the role of the fire service, information about the intervention times is required. Safety 
region Brabant-Noord has made statistics available on the intervention times of the fire service. The 
statistics were used from 2014 to 2018.  

The working area of the fire service in Brabant-Noord covers an area of 138.791 hectares and has 
approximately 624.000 inhabitants. The fire service in Brabant-Noord has 39 fire stations, 38 fire stations 
consist of volunteers and one fire station consist out of professionals. In addition, there is a fire station 
with an occupation only during the day. This safety region has a rural environment compared with the 
fire service around large cities. 

 Boundary conditions 
This research has a number of boundary conditions to be able to conduct a high-quality research. In this 
report is investigate fire safety among an aging population. Although people remain more vital for a 
long time, the elderly consider people to be 65 and older. By maintaining this limit, many statistics are 
available. 

Persons of 65 years and older who living independently are the most vulnerable target group in the 
event of a fire. Research shows that most people are rescued from portion flats, apartment complexes 
and row houses [4]. A complete overview of statics can be found in the appendix.  

The RST-1 scenario analysis is made with statistics from literature research. Here is made use of human 
characteristics of people that are 65 year and older. In RST-1 scenario it is assumed that a person flees 
outside before calling the fire department. In RST-2 scenario is an analysis made from statistics of safety 
region Brabant-Noord.  

Summary of assumptions and selections in this report: 

• Elderly are people of 65 years and older 
• Reference buildings of RVO are used 
• Building satisfy the Dutch Building Decree (2012) for existing buildings 
• The building has a residential function (not a care function) 
• Only the conditions in a single apartment are analyzed 
• Simulations will be performed in CFAST. 
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 Reading guide 
The methodology of this research consist out of the following steps. This reading guide describes per 
chapter the steps that are made in this study. 

• Introduction and research approach > §1.0-1.3 
In this chapter the problem definition is first explained. In the second section, additional background is 
discussed and in the last section, the research questions and research relevance are explained. 

• Methodology > §2.0-2.6 
The research methodology is discussed in this chapter. The research report is structured using the 
Pareto analysis. An AST-RST analysis is used to determine the degree of fire safety. The probabilistic 
approach, the chosen simulation software (CFAST) and the method of data collection are discussed. 
This reading guide is part of this. 

• AST (Available Safe Time) > §3.0-3.8 
With the help of a literature study, various problems will be discussed in the available safe time. Each 
topic has its own paragraph. With the help of a Root Case Analysis (RCA), a description is given of the 
problems per topic. After the RCA, a score is then given that is used to determine an AST. The score is 
determined using data from the RCA. 

• RST (Required Safe Time) > §4.0-4.8 
The RST is investigated in the same way as the AST. It is determined per step which problems there are 
with the subject. Then a score is determined that is used in the study. 

• Problem analysis results > §5.0-5.4 
An AST and RST analysis is made. The parameters from the AST and RST chapters are used for this. 
With these results a sensitivity analysis is done per parameter. This allows you to clearly see which 
parameters contain the uncertainties. All parameters are then grouped by subject, so that the problems 
can be determined. The problems can be ranked based on the results. 

• Measurements > §6.1-6.2 
Now it is known where the problems are located solutions can be investigated. We look at preventive 
and repressive solutions for the main causes of the problems. These solutions are implemented in the 
simulations. Simulation data has been collected to investigate the effect of these solutions. 

The scores will ranked on influence of fire safety. This means the difference in safety margin. This can 
be caused by a difference in the RST or in the AST. This is done in the same way as the problems have 
been investigated. 

• Results and discussion > §7.1-7.6 
The new measures will be applied and the effect will be analyzed with the help of calculation and 
simulations. The results will be discussed.  

• Conclusions, recommendations & further research > §8.1-8.3 
In the conclusions the research questions will be answered. Recommendations are made to increase fire 
safety. Finally, this chapter will discuss future research. 
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3 Available Safe Time 

Available Safe Time is the calculated time available between ignition of a fire and the time at which 
tenability criteria are exceeded in the means of egress. AST should be longer than RST by an acceptable 
margin of safety. [8] The safety margin, in this case the difference between AST and RST. How bigger 
this margin is, how better the fire safety is. 

Required Safe Time is the calculated time necessary between ignition of a fire and the time at which all 
occupants can reach an area of safety. This is the sum of different times, dependent on the scenario.  

The first scenario is a traditional AST scenario. The AST-1 is determined by the available time to flee 
independently. This time is determined by the conditions in a room. Stricter conditions apply for an 
older, sensitive target group than for normal people. This time is compared to the time required to flee. 

 
Figure 3-1: AST-1 versus RST-1 

The second AST scenario is about the role of the fire service. The fire service can carry out an 
intervention. The room conditions can be a little heavier. It is important that a person survives a fire. 
Hereby the room conditions under which a person can survive are compared to the time needed to 
perform a rescue by the fire service. 

 
Figure 3-2: AST-2 versus RST-2 

Topics that are important to determine an AST are discussed in this chapter. Some can be aimed 
specifically at an older target group. Topics that are discussed are: 

• Building characteristics 
• Fire location 
• Combustion 
• Fire development 
• Ventilation controlled fires 
• Smoke and heat spread 
• Escape conditions 
• Surviving conditions 

The issues surrounding the topic are always explained per chapter. Finally a score is determined, which 
score will be used to perform simulations and to determine an AST value.   
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 Building characteristics 
Building characteristics are related to structural fire safety engineering. This is architectural and 
structural design of the building and its systems related to the occurrence, growth and effects of a fire 
and the ability to flee from a fire.  

 RCA 
The Netherlands has many different building types. In addition to different types of buildings, the 
Netherlands also has different forms of housing. Approximately 57% of the homes are owner-occupied 
homes and 42% are rented homes.  

There are two types of homes, single-family and multi-family. A home is the multi-family type when it 
comes together with other homes. This includes gallery flats, portion flats, ground floor and upstairs 
apartments. All other houses are part of the single-family type. In the Netherlands, 64% are single-family 
homes and 36% are multi-family homes. [20] The figure below shows the different building types in the 
Netherlands. 

 
Figure 3-3: Building types in the Netherlands according WoON2015. [21] 

The IFV has investigated rescues by the fire service in 2014 and 2015. The investigation collected data 
on the number of rescues per building type. This shows that most rescues are performed at portion 
flats. This can be explained by a rapid smoke and heat spread in the traffic areas. [22]  

The problem definition already indicates that elderly people continue to live independently more often, 
sometimes whit care at home. The aging population also stay longer in the same building, even though 
it is not always suitable for the elderly. 

Research has shown that older people continue to live independently for longer. Older people often 
want to live in a small home. Older people often have reduced mobility, or expect to get it. Because of 
that reason, elderly people live often in small apartments with all rooms on the same level.  

In a study on fire safety among the elderly, the IFV makes a forecast of the number of expected victims 
in the event of a fire. This number of victims is expected if no measures are taken to increase fire safety. 
The causes of these results are discussed in the introduction of this report.  

The expected number of independently living victims in 2030 will be more than one and a half times the 
current number of independently living victims. The number of people who will be in a care or nursing 
home in 2030 will remain the same. It is even expected that this number will decrease. The expectation 
is that the number of people who living independently will continue to rise until 2040 [15].  
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In order to accommodate the increasing number of older people, new types of homes are needed. New 
forms of living are being developed for this. There are currently six forms of housing that are used more 
often. The form that best suits a person depends on the degree of need for care. 

Type Description 

 

Custom home 
An existing home can be adapted so that someone can continue to live 
independently in a trusted environment for longer. 

 

Kangaroo or 
informal care home 

Kangaroo living is a living formula where an older person or an older couple 
moves into the ground floor of a home. A young family or a younger single 
person inhabits the other floor(s). So they share the same house, but live 
separately. 

 

Central living or 
co-housing 

Central living is a form of communal living where every household has an 
independent home or housing unit and also shares common facilities and 
spaces - such as a kitchen, living room or garden. 

 

Assistance or  
Sheltered-
accommodation 

Sheltered homes are homes that are built against or in the vicinity of a care 
home and are intended for older people, who are still reasonably mobile and 
have no major health problems 

 

Care home or  
nursing home 

Every inhabitant of a care or nursing home has its own room. There are also 
common (relaxation) areas where you can go for all kinds of activities. This is 
only for elderly people in need of care with a healthcare priority package 4. 

 

Care hotel 
A care hotel is intended for temporary stay. When a person does not need full 
hospital care, but cannot stay at home independently. A person can recover 
there after a hospitalization. 

Table 3-1: Housing types for the aging population. 

In addition to these six forms, there are many possibilities. Examples of this are residential service areas 
or service flats. These are often normal residential complexes with additional services for the elderly. 
Sometimes this means adapted facilities or care in the complex. 

 Score 
In this study it was decided to simulate two different types of buildings. There is chosen for an apartment 
in a gallery flat and an apartment in an apartment block. This two types of homes that are most suitable 
for the aging population. A similar floor plan appears in many housing types that are suitable for the 
elderly. 

The RVO (Netherlands Enterprise Agency) has designed a set of standard buildings. A gallery flat and 
an apartment block are part of this. These two buildings are taken as the basis for performing the 
simulations. To perform simulations in CFAST a simplified model is used. Details of the simulation input 
can be found in the appendix.  
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Figure 3-4: Floorplans of simulated buildings. 

The simulations are based on the following assumptions: 

• Building complies with the Dutch Building Code 2012 for existing buildings. 
• The building construction is not affected. 
• Only the room conditions in a single apartment are part of this research. 
• Every apartment is a solitary fire compartment 
• Smoke detectors have been used in the traffic area in the building (corridor). 
• No additional fire preventive measurements have been applied in the apartment. 
• The building has a mechanical ventilation input and output. 

To perform calculations are thermal properties applied to the floor, the ceiling and the walls. In this 
report is assumed that the floor and ceiling consist of concrete and the walls of cellular concrete. This 
materials in both buildings has the following thermal properties.  

Properties Symbol Concrete Cellular concrete 

Thermal conductivity λ 20 W/(m∙K) 0,19 W/(m∙K) 

Specific heat C 2 kJ/(kg∙K) 0,84 kJ/(kg∙K) 

Density 𝜌𝜌 2300 kg/m³ 580 kg/m³ 

Thickness - 0,3 meter 0,1 meter 

Emissivity ε 0,9 0,9 

Table 3-2: Thermal properties as simulation input. 

The different rooms are linked together in the simulation. The rooms are connected by internal doors. 
On the sides where the apartment is connected to another apartment the wall is completely enclosed.  
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Figure 3-5: Geometry of simulation in gallery flat. 

The apartment borders to the outside at the front and backside of the house. There is added a face 
leakage. Above the windows are ventilation grills added in the simulation.  

The figure below shows the geometry of the simulation in the apartment block. In this simulation are in 
the figure below left an at the front a façade leakage added. Above the windows are ventilation grills 
added in the simulations. 

 
Figure 3-6: Geometry of simulation in apartment block. 

If a room is in open connection with a fire room, an analysis is done with a two-layer analysis. An open 
connection is seen as a fully open door. If a room does not have an open connection with a fire room,  
a mixed situation is assumed.   
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 Fire location 
In order to make a good AST-RST analysis, a start location of a fire must be selected. The starting 
location is determined by the object where the fire starts. 

 RCA 
Safety region Twente did research into 100% of the fire reports in the period 2010 till 2015. In this 
research is reported where a fire is started. In Twente, the fire service has most often to do with a 
chimney fire. The fire service has to deal more with kitchen fires compared to fires that have arisen in 
the living room and bedroom. [23] Chimney fires almost never have fatal consequences for possible 
victims. 

 
Figure 3-7: Location of fires in residential buildings 

The fire service regions in Gelderland and Overijssel have done additional research into residential fires. 
They made an infographic that van be found in the appendix. There are approximately 1,4 million 
households in this area. The data of 1099 residential fires in the period March 2015 - February 2016 is 
used in this research. The data from the research is collected by interviewing commanders. Fires where 
no clear cause could be determined are registered as 'unknown'. [24]. This research shows that 22% of 
the fires starts in the kitchen, 7% starts in the living room and 6% in the bedroom. This are the three 
most important fire locations.  

In the United Kingdom, the fire service works with an incident reporting system. Because of this system, 
many statistics are available on various incidents. Statistics are available from 2011 up to and including 
2018. A comment is important to make with these statistics. In the United Kingdom, it is mandatory to 
sell fireproof furniture. British Standard (BS) 5852 describes different types of tests for complete pieces 
of furniture. This affects the fire development in a room. As a result, some statistics may differ slightly 
from a Dutch situation. [25] 

Data are available in the statistics about the start location of a dwelling fire. In their statics dwelling fires 
are fires in properties that are a place of residence, which means places occupied by households such 
as houses and flats, excluding hotels or hostels and residential institutions. 

Type room 
Fatal fires 65+ Total fires 

Number % Number % 

Bathroom / Toilet 12 1% 6.049 3% 

Bedroom / Bedsitting Room 248 28% 25.865 11% 

Corridor / Hall / Open Plan Area 17 2% 10.849 5% 

Kitchen / Utility Room 157 18% 142.209 62% 

Living Room / Conservatory / Dining Room 385 44% 30.945 13% 

Other / Unknown 68 6% 14.598 6% 

Table 3-3: Start location of fire in United Kingdom from 2011 till 2018. [26] 
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From the data it can be concluded that the fatal residential fires by people of 65 years and older often 
start in the living room, kitchen and bedroom. The following table indicates the most common causes 
of fire. This data comes also from the statistics of the United Kingdom. In the statistics, a distinction is 
made between fatal residential fires and all residential fires. In addition, in the fatal residential fires a 
distinction has been made in all fires and fires with victims aged 65 or older. 

Fire causes 
Fatal 65+ Total Fatal 

Number % Number % Number % 

Faulty fuel supplies 20 2% 19.067 6% 36 2% 

Placing articles too close to heat 196 20% 27.223 9% 321 16% 

Faulty appliances and leads 88 9% 37.362 13% 193 10% 

Misuse of equipment or appliances 70 7% 83.881 28% 116 6% 

Other accidental 125 13% 25.144 8% 243 12% 

Chip/fat pan fires 10 1% 15.201 5% 55 3% 

Careless handling of fire or hot substances 310 32% 22.250 8% 554 28% 

Faulty appliances and leads 88 9% 37.362 13% 193 10% 

Deliberate 50 5% 28.780 10% 275 14% 

Unspecified 4 0% 166 0% 5 0% 

Table 3-4: Fire causes in United Kingdom of residential fires from 2011 till 2018. [26] 

Older people have a higher probability of becoming victims as a result of a residential fire compared to 
other age groups. Research of the IFV shows that smoking products the most mentioned fire causing 
materials are in the Netherlands. This research is done by fatal residential fires by the population with 
an age of 65 and over. In the report is created a list with the most mentioned fire causing situations or 
behaviors by fatal residential fires.  

Number Fire-producing materials Most mentioned fire-causing situation or behavior 

1 Smoking products Unthinkably discarded tobacco products 
  Negligent smoking 
  Fall asleep during smoking 

2 Electrical heaters Place flammable items too close to the heat source 
  Put clothes too close to the heat source 

3 Electrical equipment Wrong use of electric blankets 

4 Cooking Appliances Cook negligently 
  Put clothes too close to the heat source 

Table 3-5: Most common causes for fire by the elderly. [10] 

The literature does show that most non-fatal residential fires by the elderly and most burns due to fire 
and flames are caused by inattentive cooking. Especially in the combination with clothing that catches 
fire. [10] The expectation is that fewer people will start using gas in the future. This will resulted in no 
more cooking on open fire and this will improve fire safety. In addition, there are also many elderly 
people who do not cook themselves, but use a service that catered for food. 

 Score 
In both building simulations we have to deal with a living room and kitchen in the same compartment. 
Statistics show that most fires occur in this compartment (44% living room and 14% kitchen [27]). That 
is why it was decided to simulate a fire in the living room. A sofa is chosen as the starting object. Almost 
every household has a sofa in the living room. The fire can ignite by various causes. This can be caused 
by, for example, smoke products or electrical equipment on or near the sofa. The fire development of 
a sofa will be used in the growth phase of a fire. 
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 Combustion 
Fire occurs when combustible material, oxygen and an ignition temperature are present. Flammable 
material and oxygen are sufficiently present in buildings, therefore the risk of fire is always present.  

 RCA 
Three factors are required for the formation of fire, the so-called fire triangle. If one of these three 
factors is missing, there will be no fire. The different sides of the fire triangle constantly influence each 
other. A combustion is a complex mixture of mainly exothermic chemical reactions. The type of fuel 
determines how much energy (heat) is initially required to start a combustion.  

 
Figure 3-8: Fire triangle. 

Solid substances such as wood must first form flammable gases before it can start burning, this transition 
is called pyrolysis. During the combustion of a material, the combustible substances from that material 
in gas form react with oxygen. As a result, the material is converted into combustion products. The 
following symptoms occur by a combustion reaction [6]: 

• Flames: they form the visible appearance of burning gases. 
• Energy: the activity of the molecules in the burning material increases during the combustion 

process. This provides a lot of (heat) energy. The temperature is an indication of the amount of 
energy released. At high temperatures we speak of heat. 

• Smoke: the total of fire gases and unburned carbon particles (soot). 

Depending on the amount of oxygen, the following combustion products may be released during 
combustion [6]: 

• Carbon 
• Carbon dioxide (CO2) 
• Carbon monoxide (CO) 
• Water vapor 
• Other gases and vapors, depending on the fuel, such as hydrochloric acid, nitrogen compounds 

and sulfur compounds 
• All kinds of intermediates, depending on the composition of the fuel. 

To determine what is released during a fire, it is necessary to know which fuels are involved in a fire. The 
type of interior strongly influences the fire process. Every interior is different. That is why it is difficult to 
predict a fire process.  

Older people also often have an outdated interior. An interior is very fashion sensitive. Building contents 
that have changed significantly in recent years. Over time home contents have transitioned from being 
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compromised of natural materials to dominated by synthetic materials. Synthetic materials such as 
polyurethane foam have replaced cotton as the padding found in upholstered furniture. This change 
contributing to the decrease in time to untenable life threatening conditions. [28] 

In the United States and in the United Kingdom there are already regulations on fire safety for furniture 
and mattresses in a residential environment. This does not apply for whole Europe. Some countries 
already have regulations for the ignitability of upholstered furniture and mattresses. The United 
Kingdom is the country in Europe with the most extensive regulation for upholstered furniture and 
mattresses. [29] In the Netherlands, fire safety requirements are not obligated on furniture in residential 
buildings. 

Latest studies declare no clear link between the use of flame retardants and fire safety. The use of flame 
retardants in furniture may even increase the production of soot, smoke, toxic gasses and other harmful 
combustion products in a fire. [29] 

 Score 
The combustion model in CFAST is defined by the following one-step reaction [19]: 

 
In this combustion model it is assumed that all the nitrogen and chlorine in the fuel are converted to 
HCN and HCl. A combustion reaction needs a certain oxygen percentage in order to continue to burn. 
Although it is possible that a nitrogen component or chloride component is involved in the fire, the role 
of this component was not included in the investigation. 

In this report the lower oxygen limit is set at 4% in the simulations. The appendix shows how this value 
has been determined. 

There is a lot of uncertainty in the fuels that are involved in a fire. A natural fire concept is described in 
NEN 6055. It indicates that cellulose fuels can be used for fires in residential buildings. This may be 
different for industry functions and other use functions. A cellulose-like fuel with a stoichiometric 
constant r = 1,25 is used as a reference in this study. 

There are various fire characteristics that influence the conditions in a room. Because every fire is 
different, an uncertainty will have to be included. Particularly in the initial phase of a fire, the fire object 
influences the substances that are released during a fire. For this, the minimum and maximum value that 
can occur is considered.  

Polyester has a heat of combustion of 32.500 kJ/kg. Natural wood materials as red oak and douglas has 
a heat of combustion of only 15.000 kJ/kg. Natural wood materials has a CO-yield of 0,4% and materials 
as epoxy or polyester has a CO-yield of 8,0%. Polystyrene foams can have a soot-yield of 21%. Materials 
such as wool have a soot yield of 0,8%.  

The table below shows the values that are used in the simulations. The cellulose-like fuel will be used in 
the reference situation. The maximum and minimum values will be simulated separately to determine 
the uncertainty and influence of the parameter. 

Parameter cellulose minimum maximum 

Structure formulae 𝐶𝐶4𝐻𝐻6𝑂𝑂3 𝐶𝐶4𝐻𝐻6𝑂𝑂3 𝐶𝐶4𝐻𝐻6𝑂𝑂3 

Heat of combustion 17.500 kJ/kg 15.000 kJ/kg 32.500 kJ/kg 

CO-yield 0,010 g/g 0,004 g/g 0,080 g/g 

Soot-yield 0,026 g/g 0,008 g/g 0,210 g/g 

Table 3-6: Input cellulose like fuel and variation. 

CnCHnHOnONnNClnCl + νo2O2 →  νCO2CO2 + νH2OH2O +  νCOCO + νSSoot + νHCLHCL + νHCNHCN [3.1] 
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 Fire developments 
Not every fire will become a fully developed fire. Sometimes a fire is limited to a small scorch. As a fire 
develops, a fire will go through different phases. These phases are always the same if the chain reaction 
is not interrupted. 

 RCA 
A fire can develop quickly. In this development the fire goes through different phases, also called 
cascades. A fire can ignite in an object and get over to a complete room. A fire can be stopped between 
each cascade. But if nothing happens, the fire will continue to develop and move on to the next  
cascade. [6] The following figure shows the cascade model that was developed by the IFV.  

 
Figure 3-9: Cascade model 2.0. 

The standard fire development of fires in an enclosed room goes through following four phases. This 
are ignition phase, growth phase, fully developed fire and decay phase. 

The four phases are achieved with sufficient supply of oxygen. A flashover is not a phase in the 
development of fire, but a rapid transition from a developing to a fully developed fire. There will not 
always be a flashover. A fire is often fuel-controlled in the initial phase because there is sufficient oxygen 
in the immediate surrounding. This can later change into a ventilation controlled fire. 

The growth phase ends if the flashover point is reached. This is the moment when such a high 
temperature is reached in the room (between 250°C and 350°C) that the flue gas layer that arose during 
the development period will ignite. For a flashover there must be enough fuel in a room. During the 
flashover, the temperatures can quickly rise above 600°C. 

The stage of ignition and growth are very significant to estimate the time for fire detectors and 
suppression systems to activate. The stage of fully developed fire is important for the fire resistance of 
building loadbearing elements and separating elements. [8] The figure below shows a general 
description of room fire in absence of fire control. 

 
Figure 3-10: Standard fire scenario in enclosed room. 
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The Federation of the European Union Fire Officer Associations (FEU) did research into fire safety of 
upholstered furniture and mattresses in the domestic area. The statistics shows that fires often start in 
upholstered furniture or mattresses and these items contribute to many fire fatalities in domestic 
buildings. The most common ignition source for upholstery is a cigarette.  

The FEU believes that the survivability and possibility of escape from dwelling fires will increase if Europe 
introducing requirements to prevent ignition of upholstered furniture and mattresses. [29] But latest 
studies show no clear link between the use of flame retardants and fire safety because this influences 
the emission of hazardous substances. [29] 

The IFV has conducted research into upholstered furniture. Various ignition sources are used for this. A 
cigarette is used, an open-flame candle and a crib 5 [30]. The term crib 5 is related to furniture or 
furnishings for beds and mattresses which have been tested to pass United Kingdom Fire Regulations 
1988. An summery of the results of this experiments is given in the following table.  

Test Ignition source  Conclusion 

Sofa 1 Cigarette Passed 

Sofa 1 Open flame Failed (ignition within 20 seconds) 

Sofa 2 Cigarette Passed 

Sofa 2 Open flame Failed (ignition within 20 seconds) 

Mattress 1 Cigarette Passed 

Mattress 1 Open flame Failed (ignition when crib burns) 

Mattress 2 Cigarette Passed 

Mattress 2 Open flame Failed (ignition when crib burns) 

Table 3-7: Summery results all tests ignition sources. [30] 

Once a fire is in an object, such as a sofa or a bed, there is a good chance that a flashover will take 
place. The various tests show that a fire in a cigarette often does not develop into a complete object. 
The other ignition sources have a great probability to develop into a complete object [30].  

In many models in the fire safety engineering uses a T² curve to simulate the fire development. The 
growth rate of this fire is determined by the moment at which a fire reaches a capacity of 1 MW.  

The most commonly used growth rates are 600 seconds (slow), 300 seconds (moderate), 150 seconds 
(fast) and 75 seconds (ultra-fast) to 1 MW. The reference values mentioned are based on experimental 
research. Due to changes in current material use, different development speeds are experienced for 
certain object types [31]. 

Growth rate Time Building function 

Slow 600 seconds 
Museum (paintings), Industrial function with storage of inflammable 
materials, small quantities. Transport building (public space) 

Moderate 300 seconds 
Residential building, Healthcare (bedroom), Industry (Storage cotton, 
polyester, feather mattresses, Office, Hotel, School (Classroom) 

Fast 150 seconds 
Theater, cinema, industrial function (storage of plastic foam, wood),  
library and shopping center. 

Ultra-fast 75 seconds Industrial functions with storage of alcohol, upholstered furniture 

Table 3-8: Growth rates per building function [31]. 

The burning capacity is determined by the availability of fuel and the degree of oxygen supply. Burning 
capacity is an amount of energy that per unit of time, usually per second, and gives an indication of the 
intensity of the fire. If the burning capacity increases, the pyrolysis process goes faster, more flammable 
gases are released and more oxygen is used. 
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In the growth phase of a fire, an amount of energy (and smoke) is produced that is characterized by the 
terms burning capacity density (rate of heat release in kW/m²) and time constant (t in seconds).  
The burning capacity density is equal to the amount of energy (heat) that is released per m² as soon as 
the fire has fully developed in a certain place. This is called the Heat Release Rate Per Unit Area 
(HRRPUA). 

Burning capacity HRRPUA Building function 

Low 125 kW/m² Sprinkled building, Industrial function (storage: bulk storage, fine-grained) 

Moderate 250 kW/m² 
Residential buildings, Museum (paintings), Healthcare function (bedroom), 
Office, Hotels, Classrooms, shopping centers. 

High 500 kW/m² 
Theater, cinema, Industrial functions (Storage: per m stacking height),  
Shop (retail) 

Table 3-9: Indication of HRRPUA per building function [23]. 

The values in the table above give an indication of the burning capacity density. In reality, these values 
can vary considerably. In some studies values of 1.800 kW/m² are mentioned for a library. 

Steve Kerber did research into a realistic fire scenario in a living room in 2010. In his rapport a full-scale 
living room is built to get the heat release rate. The furniture was chosen to represent a modern living 
room.  The interior consisted of two sofas, end table, lamp, stuffed chair, armoire, television, carpet, 
carpet padding and more. All furnishings in the room were positioned similar to that of the rooms in the 
most houses. [32] 

In this experiment there is sufficient oxygen supply. This allows the fire to fully develop and the fire is 
fuel controlled. Because the calorimeter is placed above the experimental room, there is only energy 
measured when the first gases leave the room. As long as the gases remain in the room, no energy will 
be measured. 

Six fire experiments were conducted to examine the changes in fire development in a room with modern 
contents versus a room with contents that may have been found in a mid-twentieth century house [28]. 
Experiment 3 is a setup of a living room with modern furniture. Experiment 4 is a setup of a living room 
with legacy furniture. Details of this experiment can be found in the appendix.  

What can obtain from the heat release rate of experiment 4 is that a fire development is very dependent 
on the materials in a room. In a living room with a modern design, a fire will generally develop faster. 
But a fire development depends on many factors, so predicting a fire development remains difficult. 

 
Figure 3-11: Experimental setup of a living room and HRR of experimental living room setup 
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 Score 
Results from experiments will be used to simulate a realistic fire development. The heat release rate 
from various experiments are used as input for the simulations. In this study, a fire will not develop 
further than cascade 2. 

Stephen Kerber did experiments with a fire in a full scale living room [28]. Because the measurement 
results are not accurate at the start of this experiment, a distinction is made between fire in an object 
(cascade 1) and  a fire in a complete room (cascade 2). This is caused by gases that accumulate at the 
top of the fire room and do not go directly to the calorimeter.  

To simulate a fire in an object, a fire in a sofa is assumed. In the report 'Initial Fires', Sandqvist 
investigated heat release rates of different objects [33]. In this report is chosen for experiment Y5.4/16 
from initial fires. Results of this experiment can be found in the appendix. 

To develop from a fire in an object to a fire in a room, a flash over is assumed.  From about 1 MW, the 
results of the experiments of a full scale living room are used. This method is also used in a research 
into measurement by surviving a fire in a residential apartment of van Liempd [34]. The following figure 
shows the heat release rate that is used in the simulations.   

 
Figure 3-12: HRR as simulation input. 

A fire will develop till it the maximum heat release rate of the room has reached. If the  maximum heat 
release rate of a room is smaller than in the experiment, a correction will be made. A short steady state 
period will arise in which the heat release rate will be at the maximum of the room. The maximum heat 
release rate per room is given in the appendix. The original fire development will resume after this 
steady state period. 

Because the fire development contains uncertainty, the parameters used in the FSE are considered. 
There is varied on time and on burning capacity. As a reference value, it is assumed that an apartment 
has a HRRPUA of 250 kW/m² and a growth rate of 300 seconds. By looking at a class higher and lower 
a factor is determined. This factor is applied to the fire curve that is used as input for the simulation.  
So in this study, time constant is a factor that determines the speed of fire development. 

Parameter Reference Minimum Factor Maximum Factor 

HRRPUA 250 kW/m² 125 kW/m² 0,5 500 kW/m² 2,0 

Time constant 300 seconds 150 seconds 0,5 600 seconds 2,0 

Table 3-10: Variations by fire development. 
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 Ventilation controlled fires 
If the fire is ignited in a room where the oxygen supply is limited, the rate of combustion will be 
determined by the amount of oxygen that can be supplied. We then speak of a ventilation-controlled 
fire.  

 RCA 
In practice, two types of fires occur. 

• Fuel controlled fires 
• Ventilation controlled fires 

Initial fires do not always develop following the standard fire curve as is discussed in the previous 
paragraph. The rate at which the fire develops depends on the properties of the fire load, location of 
the fuel and the amount of oxygen available. 

A fire is fuel controlled if the increase or decrease in the burning rate is determined by the amount of 
fuel that participates in the burning process. A fire is ventilation controlled when the burn rate is 
controlled or determined by the amount of oxygen. This often occurs with closed small rooms. 

When the fire development increases, more oxygen is needed. In a further development of the fire it 
often occurs that the required oxygen is higher than the available oxygen. This phenomenon is called a 
ventilation controlled fire, because the amount of oxygen is the factor that determines the further 
development of the fire. The following figure shows a possible ventilation controlled fire curve.  

 
Figure 3-13: Ventilation controlled fire vs fuel controlled fire. 

Older people are more likely to live in relatively small homes. There is little oxygen present here. 
Windows and ventilation grilles are often closed. Ventilation controlled fires can be very dangerous in 
practice. There is a shortage of oxygen, causing incomplete combustion. Incomplete combustion 
releases more hazardous substances. Not enough oxygen can smother a fire. [35]  

The requirements for the supply of fresh air to a room and for the exhaust of indoor air from a room 
must comply with NEN 1087. Modern houses are much better insulated than older houses. Often 
ventilation is only done with mechanical ventilation systems. Heat can be recovered, which saves energy. 
This has consequences for the natural oxygen supply in the event of a fire. 

When the oxygen supply is reduced it get influence on the soot yield and CO yield. The CO yield will 
increase when the relative oxygen load is reduced. The CO2 yield has a strong decrease. The soot yield 
has a little increase by an increasing equivalence ratio. When the equivalence ratio is 1 or smaller  
than 1 the fire is fuel controlled. If the equivalence ratio is increasing and getting bigger equivalence 
ratio than 1 the fire is ventilation controlled. [36] 
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Figure 3-14: Several yields versus Equivalence ratio. [36] 

A large yield means more emissions of gases. This is because the combustion reaction cannot take place 
completely. Because the fire is smothered more toxic substances are released. This means a larger 
danger for possible victims. 

However, the fire can also be ventilation-controlled before flashover occurs. We call that under-
ventilated fire. Depending on the amount of oxygen that is present or can be supplied, an under-
ventilated fire can go out or continue to burn slowly. A pulsating smoke layer is often observed with 
under-ventilated fires. When the fire smother, the temperature will drop. If the temperature drops, the 
pressure in the room also drops and the fire will have the chance to supply fresh air and the fire will 
increase in intensity again. As a result, more hot smoke is produced and the pressure inside increases.  

If the temperature in the room remains high, the pyrolysis will continue as normal. In a closed room, the 
heat can hardly escape, so that materials continue to gas out due to heating. When enough temperature 
is present and the pyrolysis process continues, there are two parts of the fire triangle, fuel and heat.  
A sudden supply of oxygen can cause a backdraft. Backdraft is the explosive or rapid combustion of 
heated gases that occurs when oxygen is introduced into a building that is not sufficiently ventilated 
and has a reduced oxygen level due to fire.  

 Score 
Two different yields were used to determine the substances released as a result of a fire. The first type 
of yields is used by an equivalence ratio of 1 for fuel controlled fires. In the second type, a factor is used 
to determine the yield of a ventilation controlled fire. In this study we assume a ventilation controlled 
fire when the burning capacity has reached its peak.  

If a fire gets ventilation controlled, a second simulation is performed in CFAST. The fire development 
(HRR) from the output of the first simulation is used as input for the second simulation. From the moment 
that the fire is ventilation controlled, the following factors for the yields are applied.  

Input Factor fuel controlled Factor ventilation controlled 

CO yield 1 10 

Soot yield 1 2 

CO2 yield 1 0,1 

Table 3-11: Yields and calculation factors.  
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 Smoke and heat spread 
Smoke and heat is a threat to people in a building. The amount of smoke that is spread through a 
building depends on the connections between the different rooms. 

 RCA 
In the report ‘it depends’ of the IFV, experiments has done with heat and smoke spread in buildings. 
The objective of this report is to investigate the development of fire in a living room, kitchen and 
bedroom fire in a home that is common in the Netherlands.  

Six real houses were used in which fire experiments were carried out. Furniture has been used that is 
common in many households in the Netherlands. It has been investigated how the smoke- and heat 
conditions in the fire room and other rooms of the same house are. In the research they use different 
configurations of open and closed doors. 

Test Location Object Door corridor Door bedroom Ventilation 

1 Bedroom Bed Closed Both closed 
Everything closed,  
only 1 bedroom window ajar 

2 Kitchen Fryer Closed 1 open /  
1 closed 

Everything closed,  
only 1 kitchen door half open 

3 Living room Sofa Open 
1 open /  
1 closed 

Everything closed,  
only 1 bedroom window ajar 

4 Living room Sofa Closed 
1 open /  
1 closed 

Everything closed,  
only 1 bedroom window ajar 

5 Living room TV Open 
1 open /  
1 closed 

Front door open 

6 Bedroom Bed Closed Both open 
Everything closed,  
only 2 bedroom windows ajar 

Table 3-12: Experiment setup by fire tests in Zutphen done by IFV in 2014. [37] 

The experiments have shown that a fire in a house with interior doors (or multiple windows) open 
develops very differently than a fire in a house with closed windows and doors. Rooms that are openly 
connected to the fire room are filled with smoke very quickly, so that residents have limited time to flee 
and survive. In homes with closed interior doors, the chances of an escape and survival are considerably 
better for some time. 

From the research can be concluded that rooms that are in open connection with the fire room are filled 
with smoke in a very short time. The possibilities for an escape and survival are therefore very limited in 
this open connected rooms. At the same time, it has been established that in rooms that are not in open 
connection with the fire room, escape conditions and survival are considerably better for some time.  

Closing a door is therefore very significant in terms of survivability. The first indication is that there is 
still a survivable situation behind a closed door for at least 10 minutes. Several doors as a buffer against 
heat and smoke work (even) better than one door [37]. 

In a residential building where a fire occurs and where there are still victims inside, a survivable situation 
can still occur if residents have entrenched themselves behind a door and have been alerted in time by 
a smoke detector. The chance that the fire service can be carry out a rescue in the event of residential 
fires is greatly increased if the starting conditions (smoke detectors present and doors closed) are  
favorable. [37] 

Today, there are more and more passive houses. A passive house is well insulated to retain heat. The  
fire development in a passive house, where all openings are closed, is limited. Because there are no 
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openings and the glass does not collapse, there is not enough oxygen in the room at a certain time and 
the fire is limited to a local, ventilation controlled fire. A lot of carbon monoxide is produced with this 
type of fire [38].  

Upon arrival of the fire service, the smoke spread to around four in ten fatal residential building fires 
outside the compartment. With nearly three out of ten fires, the smoke has spread beyond the room, 
but has been limited to one floor. In 20%, the smoke has spread over several floors within the 
compartment. For 10% of the fires, the smoke spread is limited to the room in which the fire started. 
[39] 

Since 2016, the position of the interior doors has been investigated at the arrival of the fire service at 
the fire location. For the fatal residential fires that took place in 2016 and 2017, the door of the fire 
room is open on arrival of the fire service in more than half of the situations (52%) and closed in more 
than one third of the situations (36%). With a few fires (12%) the position of the door is unknown. [39] 

 Score 
The amount and size of openings in the facade determine the amount of oxygen that enters the 
compartment. The apartment contains various windows and ventilation grilles that can be in different 
configurations. The ventilation grills have the same width as the windows. Above this windows are 
ventilation grills designed. To prevent a fire from being smothered at an early stage, a number of 
openings were assumed in the reference situation.  

A façade is added to the front and backside of the apartment. This façade leak is 0,1% of the façade 
surface. This is added per room in a vertical strip of 0,1% of the width of the façade surface. On the 
sides where the apartment is border to another apartment, no façade leak is added. 

The Dutch Building Code has requirements for the ventilation capacity. The requirements for the supply 
of fresh air to a room and for the exhaust of indoor air from a room must comply with NEN 1087.  The 
reference building uses a mechanical ventilation system with heat recovery. In ventilation with heat 
recovery, the same amount of fresh air is supplied as used air discharged. 

There is also uncertainty in the building characteristics. A number of characteristics have been selected 
for which uncertainty is applied. There is an uncertainty in the position of the doors, windows, ventilation 
grilles, mechanical ventilation and the facade leakage.  

A distinction is made between the characteristics in the fire room and in the other rooms. Because the 
door to the corridor is open in most of the residential fires, this has been chosen as a reference point. 
Because two bedrooms are simulated, one door is open and one door is closed in the reference 
situation. 

Parameter Average Minimum Variation Maximum Variation 

Internal door(s) fire room 100% 0,5% -0,995 100% 0,00 

Internal door(s) other rooms 50% 0,5% -0,99 100% 1,00 

Windows fire room 20% 0% -1,00 100% 4,00 

Windows other rooms 20% 0% -1,00 100% 4,00 

Ventilation vents fire room 50% 0% -1,00 100% 1,00 

Ventilation vents other rooms 50% 0% -1,00 100% 1,00 

Mechanical ventilation 100% 0% -1,00 150% 0,50 

Façade leakage 0,1% 0,01% -0,90 0,02 % 1,00 

Table 3-13: Stochastic boundary conditions of building characteristics. 

In the appendix is given a complete overview (with corresponding calculations) of openings in the 
internal walls, façade and mechanical ventilation.  
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 Escape conditions 
A fire in a house changes a house in a dangerous environment in a short time where heat, reduced 
visibility due to smoke, oxygen deficiency and toxic flue gases threaten the safety of people in a 
building. In this section, a number of criteria are selected that are used to determine the acceptable 
room conditions for an independent escape attempt.  

 
Figure 3-15: Available safe time (escape) versus required safe time (escape). 

 RCA 
There are a number of factors that influence whether a person decides to leave a building in case of a 
fire. It is possible that a person has not discovered a fire. It can also happen that a person decides not 
to flee. In some cases it is no longer even possible to flee. 

The room conditions determine whether it is possible for a person to flee independently. The room 
conditions are influenced by the smoke and heat distribution. Smoke reduces visibility and contains toxic 
substances. Heat can cause burns or overheating for a person. 

Visual effects of smoke 
Smoke impedes vision. This visibility is not only dependent on the smoke density. Visibility depends on 
various factors. Some factors that are important for the visibility of an object are contrast between object 
and background, color of smoke, light sources, physiological effects and perception of a person.  

Practical research shows that the vision length for people who are familiar with the environment must 
be at least 3-5 meters. For people who are not familiar with the environment, as is the case with meeting 
buildings, the visibility length must be at least 15-20 meters. [6] The vision length to an illuminated 
object is 1,3 to 2,7 times larger than to an externally illuminated object.  

The psychological effects of smoke influences the decision that people make to do a flee attempt. Men 
flee before women. Stress and panic can affect the choice to flee. Vulnerable groups will flee less quickly 
than self-reliant persons. Older people do not always immediately see the need to flee. 

Perception of aged persons is different compared to young persons. Visual acuity shows clearness of 
vision, which is dependent on the sharpness of the retinal focus within the eye. There is a significant 
difference of visual acuity, not only among age groups but also among individuals. [40]  

Jaschinski compared the travel speed of young and elderly subjects. Results show that the elderly group 
walked slower than the young group. The effect of smoke is bigger for aged people than for young 
people. The travel speeds of both groups increased as the illuminance increased. The travel speed of 
the young group was consistently higher than that of the aged group. Even under the same illuminance 
conditions, subjects walked more slowly with smoke than without. [41]  

Additional research is done to the effect of irritant smoke on visibility and walking speed in the smoke. 
With irritant smoke, the walking speed will decrease even earlier than with non-irritant smoke. The 
decrease in walking speed can be explained by the fact that irritant smoke react in eyes, what reduces 
the visibility. The subjects could not keep their eyes open.  
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Figure 3-16: Travel speed versus illuminance (lx) [41] 

In order to assess the visual obscuration effects of smoke, a concept of fractional effective concentration 
(FEC) has been developed, whereby the smoke concentration is expressed as a fraction of the 
concentration considered to significantly affect escape efficiency [42]. If this FECsmoke has reached a value 
of 1,0 or higher is a visible length of 5 meters or less reached. This FECsmoke can calculated with the next 
formulae.  

 
A fractional effective concentration of smoke threshold criteria of 1,0 correspond to the median value 
of the distribution, with one-half of the population decides to flee and half will decide not to flee. This 
method does not apply stricter criteria for an older population. The extra sensitivity of the visual effect 
of smoke by older population has not yet been clearly demonstrated in the literature. 

Effects of heat  
Older people are more sensitive to the effects of heat. Literature research shows that two factors are 
relevant to determining the escape conditions by a fire in a building [37]. These factors are: 

• Temperature  
• Radiant heat 

The human body must have exactly the right temperature to function properly. This core temperature 
must be 37 °C. This may only deviate a few grades. A body produces heat and loses it to the 
environment. This happens mainly through the skin.  

The body has to make a great effort during flights in the case of a fire. During a great effort, the body 
needs to lose more heat. This happens because the body starts to sweat. By evaporating the sweat the 
body loses the heat. The effectiveness of sweating decreases with high humidity. [31] 

At temperatures below 121 °C tolerance is limited by hyperthermia and above this temperature skin 
pain followed by burns occur. Clothing offers some protection at temperatures above 121 °C, but at 
lower temperatures clothing may reduce tolerance time by impeding heat loss due to evaporative 
cooling.  

At relatively low humidity the body can tolerate higher temperatures. Especially during extinguishing a 
fire, a lot of moisture is released. The relative humidity can then rise to 100%. 

 𝐹𝐹𝐹𝐹𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠=
(OD)
0.2

 [3.2] 
With:   
 𝐹𝐹𝐹𝐹𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Fractional effective concentration of smoke  [-]  
 OD Optical density [m]  



 
40 
 

 
Figure 3-17: Thermal tolerance for humans at rest, naked skin exposed, with low air movement [8] 

Older people will have more problems with high temperatures than vital younger people. Older people 
can make less effort and are more sensitive to external factors. Taking an escape attempt requires more 
effort from an older person than a vital young person. [43] The following table is mentioned in a research 
by the IFV into temperature effects on humans, based on dry air. 

Temperature Consequence 

127 °C Difficult breathing 

140 °C Tolerance limit five minutes 

149 °C Difficult to breathe through mouth, limit for flee healthy person 

160 °C Unbearable pain 

182 °C Irreversible damage in 30 seconds 

200 °C Respiratory system collapses within four minutes 

Table 3-14: Temperatures and consequences [37] 

Based on the literature, it can be assumed that the limit values for older persons will be lower than 
indicated in the table.  

Radiant heat 
Radiation heat is the transfer of energy by the emission of electromagnetic radiation. Clothing has a 
greatly influence on the tolerance times of radiant heat. Data on naked skin are relevant to exposure of 
unprotected areas such as the head and hands. On a clear, sunny day in the Netherlands, the sun can 
achieve a radiation intensity of 1 kW/m².  

Research has shown that older people getting a thinner skin. There is also a difference in skin thickness 
between male and female. Older people have a different skin than younger people. By older people 
the epidermis is often thinner and there is less subcutaneous fat layer [44].  

This causes a burn to quickly deeper than with a middle-aged skin. Due to all aging symptoms, the 
general immune system is lower and recovery after burns more difficult and longer in duration. Someone 
aged 40 has less severe burns than someone aged 70 years in the same situation. [45] 

The epidermis often flakes off in the subsequent days or weeks [46]. A second-degree burn is indicative 
of complete necrosis of the epidermis. A third-degree burn is complete necrosis of the dermis, 
extending and possibly including the subcutaneous fat.  
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Figure 3-18: Younger versus older skin [47] 

The traditional ranking system of 1st, 2nd, or 3rd degree burns is dependent on the level of necrosis 
and the depth of damage [8]. First-degree burns are superficial burns. Only the epidermis is affected. 
The skin is typically red and painful and does not blister. The radiant heat endpoint for exposed skin is 
defined in three classes. This are skin pain, second degree burns (health damage) and third degree 
burns.  

Radiant heat endpoint  
for exposed skin 

Radiant heat exposure dose 

[(kW∙ 𝒎𝒎−𝟐𝟐)𝟑𝟑/𝟒𝟒  ∙ 𝒎𝒎𝒎𝒎𝒎𝒎] [(kW∙ 𝒎𝒎−𝟐𝟐)𝟑𝟑/𝟒𝟒  ∙ 𝒔𝒔𝒔𝒔𝒔𝒔] 
Severe skin pain 1,33–1,67 80 – 100 

Second-degree burns 4,0–12,2 240 – 732 

Third degree burns 16,7 1.000 

Table 3-15: Radiant heat exposure dose per minute and seconds 

 Score 
Whether an older person decides to flee or will not (no longer) flee depends on the room conditions.  
It is assumed that an older person will not flee if health damage occurs. This conditions are measured 
at a height of 1,5 meter (walking person). This is because an older person is more likely to run away and 
not choose to flee crawling. 

If there is enough visibility, a person will be able to flee easily. When visibility is limited, a person will no 
longer be able to escape safely. In some cases, people consciously choose to stay where they are. This 
depends on the amount of smoke in a room. The amount of smoke can be determined using the FECsmoke 
value. If this FECsmoke has reached a value of 1,0 or higher is a visible length of 5 meters or less reached. 

The effects of heat depends on the room conditions and the duration of exposure. Older people are 
more sensitive to high temperatures. Temperatures above 121 °C  will cause a painful skin. This value is 
also mentioned in the ISO 12571 as a thermal tolerance limit for unprotected skin. The tenability limit 
for exposure of skin to radiant heat is approximately 2,5 kW/m² according the ISO norm [48].  

So the following criteria are used for an independent escape criteria: 

• FECsmoke = 1,0 
• Radiation heat of 2,5 kW/m² 
• Convective heat of 121 °C 

An explanation of the calculations can be found in the appendix. 
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 Surviving conditions 
When a person decides not to flee, is unable to flee or has not discovered the fire, it doesn’t mean that 
there is no longer a chance of survival a fire. If the danger is removed or the person is removed from 
the danger, a victim will survive a fire. This means that an intervention is being done by the fire service. 
The safety margin can be determined by comparing the surviving conditions with the required 
intervention time.  

 
Figure 3-19: Available safe time (surviving) versus required safe time (intervention). 

 RCA 
For people are heat and toxic smoke gasses by a fire the biggest danger. The two main causes of death 
due to fire are exposure to smoke and burns. In the appendix can be found statics that shows the 
number of deaths and injuries of (non-) fatal fires [49].  

Smoke 
Smoke consist out a complex mixture of toxic gases. The most important toxic flue gases can be divided 
into two types, suffocating or asphyxiating substances and irritating substances. Also a low oxygen 
percentage will lead to health issues.  

Suffocating of asphyxiating substances are substances that, when inhaled, do not cause airway or lung 
damage. But these substances are absorbed by the body, after which they exert their effects elsewhere 
in the body. The most relevant asphyxiating substances in a fire are carbon monoxide (CO) and 
hydrogen cyanide (HCN). 

The effect of carbon monoxide can be given by the COHb levels. Carbon monoxide combines with 
hemoglobin in the blood to form carboxyhemoglobin (COHb), which results in a toxic asphyxia because 
it reduces the amount of oxygen supplied to the tissues of the body, particularly brain tissue. [37] For 
fire deaths, the dose of carbon monoxide in the blood expressed as percentage carboxyhemoglobin 
%COHb. 

Carboxyhaemoglobin Consequence 

0,3–0,7 %COHb Normal range due to endogenous production 

1-5 %COHb 
Increase in cardiac output to compensate for reduction in oxygen carrying capacity of 
blood (heart patient may lack sufficient cardiac reserve 

5-9 %COHb 
Exercise tolerance reduced, visual light threshold increased, less exercise required to 
induce chest pains in angina patients 

16-20 %COHb Tightness across forehead and headache experienced 

20-30 %COHb Throbbing headache 

30-40 %COHb 
Severe headache; generalized weakness, visual changes; dizziness, nausea, vomiting, and 
ultimate collapse 

40-50 %COHb Syncope, tachycardia (rapid heartbeat) and tachypnoea (rapid breathing) 

50+ %COHb Coma 

60-70 %COHb Lethal if not treated 

Table 3-16: %COHb and consequences 
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It is important to realize that a carbon monoxide poisoning is about the dose someone inhaled and not 
concentration to which one is exposed. The amount of air that is inhaled depends on the activity being 
performed. In the ‘Assessment of Hazards to Occupants from Smoke, Toxic Gases, and Heat’ by D.A. 
Purser and J.L. McAllister is given the following table for the volume of air breather.  

Activity level of subject 𝑽𝑽𝑬𝑬 = Volume of air breather 

Resting or sleeping 8,5 liter per minute 

Light work – Walking to escape 25 liter per minute 

Heavy work – Slow running, walking up stairs 50 liter per minute 

Table 3-17: Activity level of subject in relation to air breather. 

Basically, CO2 is not a toxic substance. But certain concentrations of CO2 in the air can cause the 
breathing to accelerate. As a result, more air is inhaled into the lungs, which increases the exposure to 
the toxic gases. The hyperventilation factor can be calculated with the next formulae. 

 
In many fires the concentration of HCN increases as the concentration of CO increases. Hydrogen 
cyanide is created by burning plastic materials. The physiological effects are very similar to CO. HCN is 
about 25 times more toxic than CO. [37] The concentration HCN in ppm determines the effects. An 
overview of the effect is given in the table below. The incapacitating dose for HCN cannot be 
represented as a constant. The exponential values was derived from one using data obtained from 
studies on cynomolgus monkeys. [48]  

HCN concentration Consequence 

100 ppm Loss of consciousness after 23–30 min in primates and humans 

200 ppm Loss of consciousness after approximately 2 min 

300+ ppm Death occurs “rapidly” 

444 ppm A man survived an accidental exposure 

530 ppm A man survived a 1.5 min exposure—his dog exposed at the same time died 

539 ppm Suggested 10-min LC50 in humans 

1000 ppm One breath may cause loss of consciousness 

Table 3-18: HCN concentration and consequences 

Beside suffocating or asphyxiating substances there are irritating substances. In general, smokes are 
irritating when they contain oxidized organic products. [50] A difference can be made between two 
types of irritants. One type dissolves well in water and the other does not dissolve in water.  

Examples of substances that dissolve well in water are hydrogen chloride (HCl) and sulfur dioxide (SO2). 
These substances react with the moisture from eyes, nose, throat and airways. This leads to watery eyes, 
sore throat, cough and a burning sensation behind the breastbone. This affects the possibility to escape 
through a reduced visually caused by smoke. 

The second type of irritants, such as nitrogen dioxide (NO2) penetrates deeper into the lungs. This 
substances causes inflammatory reactions. The effects in the lungs mainly occur later. This can occur up 
to a few hours after a person is out of the smoke. The effects depend on the dose. 

Burns 
The occurrence of burn wounds is a consequence of the effects of heat, which was discussed in the 
previous paragraph (escape conditions). For the survival criteria we look at the effects of burn wounds. 

  𝐻𝐻𝐻𝐻𝑐𝑐𝑠𝑠2 = 𝑒𝑒(𝜑𝜑𝜑𝜑𝑠𝑠25 ) [3.3] 
With:   
 𝐻𝐻𝐻𝐻𝜑𝜑𝑠𝑠2 Hyperventilation factor [-]  
 𝜑𝜑𝜑𝜑𝜑𝜑2 Average volume percent of carbon dioxide [%]  
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Figure 3-20: Relationship between burn area, age, and mortality 

In the figure is the relationship between burn area, age and mortality given. The graph clearly shows 
that the older a person is, the less chance there is of surviving the effects of burns. This is because the 
skin of older people is less able to recover from burns. People over 80 years old will almost never survive 
the effects of burns. 

The amount of heat can be calculated with the fractional effective dose (FED). The time at which the 
accumulated sum of fractional doses of heat and radiant energy exceeds a specified threshold value 
represents the time available [48]. A threshold value of 1,0 is used for 50% of the population, while 0,3 
is used for sensitive persons. The FEDheat can calculated with the following formulae.  

 
It should be taken into account that at a lower than 2,5 kW/m² and a temperature lower than 120 °C, 
these values will become 0 and not be applicable.  

Low oxygen level 
A consequence of smoke is that it expels the oxygen. The amount of oxygen in the air depends on many 
factors. A low oxygen percentage does not always lead to immediate death, but does obstruct the 
possibility to escape.  

Low oxygen concentrations can cause hypoxia. Incapacitation due to oxygen lack, consisting of loss of 
consciousness, occurs when the oxygen supply to cerebral tissue falls below a certain critical value. Low 
oxygen levels and the consequences are listed up in the next table. This consequences are studied by 
D.A. Purser and J.L. McAllister. [8] 

 
𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑠𝑠𝑒𝑒𝑒𝑒=  � (1/𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 1/𝑑𝑑𝑙𝑙𝜑𝜑𝑠𝑠𝑛𝑛𝑙𝑙

𝑡𝑡2

𝑡𝑡1
) ∗ ∆𝑑𝑑 [3.4] 

With:   
 𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑠𝑠𝑙𝑙𝑡𝑡 Fractional Effective Dose heat [-]  
 𝑑𝑑𝐼𝐼𝜑𝜑𝑠𝑠𝑛𝑛𝑙𝑙  Maximum exposure time of convective heat [s]  
 𝑑𝑑𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙  Maximum exposure time of radiant heat [s]  
 ∆𝑑𝑑 Exposure time [s]  
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Oxygen level Consequence 

20,95–14,4% 
O2 at sea level 

Minor effects on visual dark adaptation and beginnings of effects on exercise tolerance towards 
15% O2 

11,8 –14,4% 
O2 at sea level 

Relatively mild effects, Slightly increased ventilation and hear rate, slight loss of efficiency in 
performance of complex tasks and short-term memory, some effects on judgment. Maximal 
exercise work capacity reduced 

9,6–11,8% 
O2 at sea level 

Degradation of higher mental processes and neuromuscular control, loss of critical judgment 
and volition, with dulling of the senses and a marked increase in cardiovascular and respiratory 
activity. Emotional behavior may vary from lethargy and indifference to excitation with euphoria 
and hallucinations. Particularly dangerous during fire exposures, representing the catastrophe 
point as a victim passes form this stage into the fourth stage at approximately 10% O2 

<7,8–9,6% 
O2 at sea level 

Rapid deterioration in judgment and comprehension leading to unconsciousness followed by 
cessation of respiration and finally of circulation at death. 

Table 3-19: Oxygen levels and consequences 

In some studies, an oxygen percentage of 60.000 ppm is used as the fatal limit. [18] This corresponds 
to approximately 6% oxygen. 

 Score 
In the second AST scenario, survivability is used as a criterion. Health damage is then acceptable as long 
as there are no fatalities. The body of a victim must be able to endure certain values for a certain period 
of time until the person is removed from the burning building. If a person stays inside a burning 
apartment, this does not mean that there is no longer a survivable situation. Within a certain time it will 
still be possible to perform a successful rescue.  

The room conditions determine the survivability. Exposure to smoke and heat are the most important 
factors that determine the room conditions in relation to survivability. Smoke expels oxygen and 
contains toxic substances. To be able to calculate the chances of survival, three criteria will be used, one 
for heat, toxicity and oxygen percentage. This conditions are measured at a height of 1,5 meter.  

The limit value of heat will calculated with help of fractional effective dose of heat. In this research is a 
FED value of 0,3 chosen for a lethal doses of 50% of the population elderly. An older person is are very 
sensitive to burns. If older people get burns, the chances of survival are low. That is why a strict criterion 
for survivability is chosen for this older target group. 

In different studies, carbon monoxide is often used as the most important toxic component in a 
cellulose-like fire. The dose of carbon monoxide will be calculated using a FEDCO calculation. In the 
simulations is assume a maximum CO dose of 35.000 ppm/min. The hyperventilation factor of CO2 is 
used to define the CO dose. A FEDCO value of 0,3 is used for sensitive people. 

A third criterion that has been used is a minimum oxygen concentration of 60.000 ppm.  

The following criteria are used as surviving limit values:  

• FEDheat = 0,3  
• FEDCO =  0,3  
• Minimum oxygen concentration of 60.000 ppm. 

The effect of HCL, HCN and other toxic substances are not included in the surviving criteria in this study. 
An explanation of the surviving limit calculations can be found in the appendix. 
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4 Required Safe Time 

The required safe time (RST) is the calculated time necessary between ignition of a fire and the time at 
which all occupants can reach an area of safety. Two required safe time scenarios are investigated in 
this report. The first scenario describes an escape, which means that the people can go outside 
independently. The second scenario describes an intervention by the fire service, which means that 
people are rescued by the fire service. First of all, it must be determined which scenario will be followed. 

The choice of whether or not to flee depends on the room conditions and the personal conditions. 
Research has shown that there are three types of 'needs for rescue' [4]. A person has not discovered a 
fire, a person has decided not to flee or a person cannot flee (anymore). 

 
Figure 4-1: Different AST and RST scenario's. 

The detection time, warning time and recognition time are in this different scenarios the same, other 
factors are specific per RST scenario. In the first RST scenario decides a person to escape. In addition to 
the detection time, warning time and recognition time are response time and travel time important for 
a successful escape attempt.  

 
Figure 4-2: Required Safe Time scenario 1 (RST-1). 

In the second scenario will an intervention by the fire service investigated. In this report it is assume that 
the fire service is the only one that could perform a rescue in the case of a fire. To investigate the role 
of the fire service, use was made of statistics from the safety region Brabant-Noord. 

 
Figure 4-3: Required Safe Time scenario 2 (RST-2). 

This chapter discusses the problems and the choices made in the research for each timeframe.    
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 Detection time 
The detection time is the interval between fire ignition and the first detection of the fire by a device or 
an individual. A fire can be detected human and/or technological resources. Older people are less alert 
to a fire what can result in a longer detection time.   

 RCA 
Buildings in the Netherlands must comply with the Dutch Building Code. The requirements for buildings 
are different and depending on the function of a building. Other requirements are set for a building 
with a residential function and a building with a care function. Because the elderly continue to live 
independently for longer, the building has a residential function. There are less stringent requirements 
on fire safety in buildings with a residential function than on buildings with a care function. 

In The Dutch Building Code 2012 is mentioned that smoke detectors are obligated for buildings with a 
residential function. Smoke detectors are an important item to detect a fire and alarm an occupant. 
Smoke detectors must comply with NEN 2555. [51] The following requirements apply in NEN 2555: 

• The noise level in the bedroom must be at least 75 dB(A) 
• The noise level in the other occupied rooms must be at least 65 dB(A) 

The sound level must be measured in the middle of the room at a height of 1,5 m above the floor, with 
all movable structural parts (such as doors and windows) in closed condition. There are no requirements 
made on the sound frequency of smoke detectors. In all cases, the smoke detectors are connected to 
the mains power supply and provided with a backup battery according the NEN 2555. If it is necessary 
to meet the noise requirements, the smoke detectors must be connected to each other. 

The working of the smoke detector must be based on the optical measurement principle. The optical 
measurement principle is based on the scattering or darkening of (a part of) a light beam. Smoke 
particles that end up in the light beam scatter or darken this light.  

The average smoke detector density in the Netherlands is approximately 70%. The smoke detector 
density among the elderly is lower than among the population under 65. 

Group Density 

Entire population 68,8% 

Below 65 years 70,3% 

65 to 75 years 65,5% 

75 years and older 61,2% 

Table 4-1: Smoke detector density [52]. 

Reduced mobile elderly people more often have a non-working smoke detector than older people who 
are still mobile. [1] In particular, older people in a owner-occupied home have relatively few working 
smoke detectors. Elderly in a rented house relatively often have a working smoke detector. [53] Some 
statics about smoke detectors in residential buildings from statics from the United Kingdom are given 
in the table below.  

Alarm status 
Fatal fires 65+ Total fires 

Number Percentage Number Percentage 

Alarm Absent 278 32% 79.342 30% 

Alarm Present and raised the alarm 273 31% 101.876 39% 

Alarm Present but did not operate 141 16% 51.268 20% 

Alarm Present but did not raise alarm 186 21% 28.511 11% 

Table 4-2: Alarm status by residential fires in United Kingdom from 2011 till 2018. [26] 
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Figure 4-4: Smoke Alarm Operation in Reported Home Fires according NFIRS 5.0 and NFPA survey. 

Although the smoke detector density can be 100%, it can happen that a smoke detector does not 
function properly. There are various options for the power supply of the smoke detectors. In the 
Netherlands it is mandatory from 2012 that smoke detectors in new-build homes are connected 
hardwired. 

Also from American research into the presence and functioning of a smoke detector, it often appears 
that it does not work. The research shows that in a fatal domestic fires in half of the cases a smoke 
detector does not function. In general, about three quarters of smoke detectors work. Most problems 
with a smoke detector not working are due to the power supply. The main causes of a non-working 
smoke detector are given in the figure below. [54]   

 
Figure 4-5: Reason smoke alarm failed to operate according NFIRS 5.0 and NFPA survey. 

In NIST rapport “Performance of Home Smoke Alarms, Analysis of the Response of Several Available 
Technologies in Residential Fire Settings” is done research into detection times of smoke detectors. 
The report concluded that smoke alarms of either the ionization type or the photoelectric type 
consistently provided time for occupants to escape from most residential fires. [55] 

Heat detectors are not compulsory in the Netherlands. It is also not common to use heat detectors in 
normal homes. Carbon monoxide detectors are often used in normal homes. This is often used with 
central heating boilers or combustion appliances to measure dangerous concentrations of carbon 
monoxide in homes. Because carbon monoxide is also released in the event of a fire, the detector will 
emit a signal in the event of a fire. But a smoke detector will respond faster than a carbon monoxide 
detector. [54] 
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 Score 
In the NIST report are mentioned average detection times in different situations. The data in the next 
table is the most suitable for this research and is obtained from the NIST report.  

Fire room Detection room Doors Type Time 

Living room Corridor open Photoelectric 107 seconds 

Living room Corridor closed Photoelectric 186 seconds 

Table 4-3: Detection times of smoke detectors [55] 

If a fire is discovered by a person in the same room a time of 30 seconds is used. An alert person will 
detect a fire within 30 seconds after ignition. If a smoke detector does not work properly, it is assumed 
that a fire is detected when it reaches the flashover point. At this point it is likely that windows break, 
the smoke spreads or objects fall over in a room. The fire that is used will have a developed flashover 
at 270 seconds.  

Research into the smoke detector density among the elderly shows that 65.5% of people aged 65 and 
over have a smoke detector. [14] 

Research shows that 75% of the smoke detectors (battery) that are used work correctly [54]. For the 
fatal residential fires that took place in 2016 and 2017, the door of the fire room is open in more than 
half of the situations (52%) on arrival of the fire department and closed in more than a third of the 
situations (36%). With a few fires (12%) the position of the door is unknown [39]. The investigation shows 
that 55% (n = 157) of the victims is in the fire room. In 45% (n = 128) of the cases, the victim is in a other 
room.  

Research has been done into the alertness of people in fatal residential fires. This research shows that 
31% of the people are alert (awake and not under the influence of alcohol, drugs or medication.),  
2% reduced alert, 34% very reduced alert, 7% not alert. The remaining 26% is unknown [39]. An alert 
person in a fire room detects a fire almost immediately. A (reduced) alert person in another room will 
respond to a fire alarm. It is assumed that a very reduced alert person only responds to the signals from 
a flashover. A not alert person will not respond at all. 

If a fire is not detected by a smoke detector, it is assumed that it is detected after 900 seconds. This is 
based on the Dutch building degree. There is described that buildings with self-reliant people, the 
phasing of the normative development of fire is based on the assumption that within 15 minutes after 
the occurrence of a fire, the fire has been discovered and an alarm has been given to the people 
threatened by the fire and a report has been made to the emergency control room. [6] 

The figure below has been used to determine the probabilities of the possibilities for detecting a fire. 

 
Figure 4-6: Probability distribution of detection scenarios. 
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Five different scenarios have been described based on the event tree. The latest scenario is based on a 
person who has not discovered a fire by himself. In this case, an intervention by the surrounding or fire 
department will be necessary to rescue a person. The detection time will be calculated using this 
probability distribution. 

Detection scenario Description Detection time 𝑷𝑷(𝒙𝒙) 

Alert person 
The person is in the same room as the fireroom. 
The person is alert and discovers the fire without a 
fire detector. 

30 seconds 16% 

Smoke detector 
(door open) 

Smoke detector in traffic area according to Dutch 
building decree. In this scenario, the door between 
the corridor and the fire room is open. 

107 seconds 11% 

Smoke detector 
(door closed) 

Smoke detector in traffic area according to Dutch 
building decree. In this scenario, the door between 
the corridor and the fire room is closed. 

186 seconds 7% 

Detection by flashover 
Person has not discovered the fire by himself and 
the smoke detector is not working. A fire is noticed 
by the signals from a flashover. (breaking glass) 

270 seconds 58% 

Detection by surrounding 

Because an occupant cannot hear a sound alarm 
signal or there is no smoke detector present, the 
fire is discovered by the someone in the 
environment. 

900 seconds 8% 

Table 4-4: Description of detection scenarios with corresponding probability distribution. 
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 Warning time 
Warning time  is the interval between detection of the fire and the time at which an alarm signal is 
activated or notification of occupants takes place. 

 RCA 
A number of steps are needed before a person takes action in the event of a fire. In a building fire, the 
phases and the factors that influence each action are specific to the occupants in the building, the 
building itself, and the fire event [56].  

 
Figure 4-7: Warning time in behavioral process of occupant response according NIST [57] 

Building occupants can perceive external physical and social cues from their environment. A cue is an 
indication of a fire, which has the potential for being recognized or for affecting behavior. Cues can be 
caused direct by a fire itself, such as flames, smoke, sounds. [57] Cues can caused also indirect from 
detection of warning systems, such as smoke detectors, breaking glass or people from the surrounding.  

As the fire grows the strength and number of the cues would increase. The type of cues and the number 
of cue influence the warning time. The perceiving of cues is influenced by cue-based factors and by 
occupant-based factors. 

Older people are less alert to perceive sound, light and odor signals. This are occupant based factors. 
This is caused by the reduced effect of the senses. The observable characteristics can be divided into 
visible, smellable and audible characteristics. Feeling is also part of human perception, but does not 
appear to have a strong influence on the warning of fire. [6] The table below provides an overview of 
common age disorders and the associated senses that are influenced. 

Problems or disease Decrease of 
Probability per age 

65+ 70+ 75+ 80+ 85+ 

Reduced visibility Visibility 19% 19% 28% 28% 30% 

Cataract Visibility 4% 6% 8% 9% 9% 

Glaucoma Visibility 1% 1% 2% 2% 2% 

Age-related macular 
degeneration 

Visibility 0% 0% 1% 2% 2% 

Diabetic retinopathy Visibility 1% 2% 2% 2% 3% 

Reduced smell Smell 5% 5% 5% 5% 5% 

Use of smoking products Smell 15% 15% 10% 10% 6% 

Reduced hearing Hearing 19% 24% 46% 61% 61% 

Reduced feeling Feeling - - - - - 

Use of medicine Visibility, smell, hearing and feeling 25% 37% 80% 80% 80% 

Use of alcohol Visibility, smell, hearing and feeling 84% 84% 79% 79% 79% 

Table 4-5: Problems or disease and probability 
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Figure 4-8: Sleep patron of 64 year old man [58] and sleep stages in minutes versus age. [58] 

The behavior of elderly people also changes during sleep. The most recent research has been done with 
the following classification of different depths of sleep: stage 1 and 2, SW and REM sleep. Research 
shows that slow wave sleep is the deepest sleep from which people awaken the most difficult. [58]  
The figure above shows a sleep patron of a male of 64 year old. 

Older people sleep shorter than young people. Persons up to 15 years old sleep an average of 9 hours 
a day. People aged 65 or older sleep an average of 7,5 hours. The wake time after sleep onset (WASO) 
increases by older ages. The slow wave sleep (SWS) decreases by older ages. Research has not shown 
in which sleeping periods most victims fall as a result of a fire. Research has shown that the chance of 
discovering a fire in Slow Wave sleep is the smallest. 

The noise level produced by the smoke detector is important for the chance that a person is alerted. 
When people sleep is it important that people will wake up to the sound of the smoke detector. The 
elderly have a reduced hearing. A sound signal is detected less quickly. 

Cue-based factors have also been investigated. The results of over a decade of research at Victoria 
University on the effectiveness of various smoke alarm signals for awakening sleeping people lead to 
the following figure. This figure shows the cumulative percentage woken up as a function of auditory 
arousal threshold for older adults (age 65 - 83 years, n = 42) in 30 seconds. [59] The results of this 
research shown that only a 520 Hz square wave is more effective than a smoke alarm sound at a 
benchmark of 75 dB(A). Around 85% of the people awake in less than 30 seconds.  

 
Figure 4-9: Percentage awoken people versus sound level. [59] 
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Compared to the use of glasses, the use of hearing aids is limited by the elderly. More than 98% of 
elderly people with visual impairments wear glasses, while only 34% of older people with hearing 
impairments wear a hearing aid. The elderly who wear a hearing aid will generally not wear these at 
night. Because few hearing impaired elderly wear a hearing aid during the day and almost no hearing 
impaired elderly wear a hearing aid at night, they will not be able to hear the sound of a smoke alarm 
in all cases.  

 Score 
Warning time  is the interval between detection of the fire and the time at which notification of 
occupants takes place. The study assumes that if a person is awake, this person will hear the alarm 
almost immediately. So in the simulations is used 0 seconds for people who are awake. 

If a person sleeps, they will have to wake up by an alarm. The National Institute of Standards and 
Technology did research into human behavior in case of a residential fire. Research has shown that about 
65% of people are (presumably) awake when a (fatal) residential fire ignited. About 35% were 
(presumably) asleep during the ignition of a fire. [39] 

There are two gradations made to people who sleep and wake up. The first group will wake up within 
30 seconds and the second group after 30 seconds. For this it is assumed that people need an average 
of 2 minutes to wake up. About 85% of people aged 65 to 83 will wake up within 30 seconds from a 
smoke detector that produces 75 dB(A) with a pitch of 3100 hz [59]. 

The scenario in which a person does not wake up and sleep through is investigated in the detection 
time scenarios. It is assumed that in that case a fire is discovered by a bystander who calls the fire service. 

Warning scenario Description Warning time 𝑷𝑷(𝒙𝒙) 

Awake person 
Person is awake and hears the smoke alarm 
almost immediately. 

0 seconds 65% 

Sleeping person awaken direct 
Person is awakened by a smoke detector 
within 30 seconds. 

30 seconds 29% 

Sleeping person awaken delayed Person is awakened by a smoke detector 
after 30 seconds. 

120 seconds 6% 

Table 4-6: Description of warning scenarios with corresponding probability distribution. 
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 Recognition time 
Recognition time is the interval between the time at which the alarm signal is perceived and the time at 
which the occupant interprets this signal as indicating a fire/emergency event. This time includes 
investigation and milling, for example, to determine the situation. This time is highly dependent on the 
mental state of persons. 

 RCA 
Human behavior in fires is not always a direct response to fire cues like flames, smoke, or alarms. Other 
variables impact on the interpretation of the degree of threat from perceived cues.  

 
Figure 4-10: Recognition time in behavioral process of occupant response according NIST [57] 

The recognition time consists of interpreting the risks and making a decision about the response. 
Building users will make a risk assessment of the situation based on the cues. Older people do not 
always immediately interpret an alarm signal as a risk. Sometimes more time is needed or more cues 
are needed to interpret a situation. After that occupants will making decisions on what to do next based 
on their interpretations of the situations and risks.  

The time at which a person recognizes a cue depends on the cue a person receives. The state of persons, 
awake or asleep, affects recognition time for all people. The recognition time for people who sleep is 
about 30 seconds higher than for people who are awake [60]. 

Older people act less adequately in case of a fire what results in a longer recognition time. The moment 
between observing a fire signal and taking an action takes longer in older people. Many elderly people 
do not even know what to do in the event of a fire. This moment can separated in two different times. 
This are recognition time and response time together.  

These times are highly dependent on various factors. The most important factors are [31]: 

• Place of a person in a building. 
• Number of signs of danger 
• Type of sign(s) of danger 
• Personal characteristics (age, gender, nationality) 
• State of person (awake, sleeping, sober, drunk) 
• Experience or knowledge of person 
• Social structures (what do others do) 
• Type of building  
• Type of activity (what is a person doing) 
• Situation at assembly point (weather) 

Because this recognition time and response time depends on many factors, it is difficult to predict.  
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It is known that this time for the elderly is generally larger than for average people. Decreasing cognitive 
capacities due to age is a normal phenomenon. When there is a rapid decline of cognitive capacities, 
there may be a Mild Cognitive Disorder (MCD). 

Dementia is one of the most common symptoms. In the age group 65-74, 2% have a cognitive 
impairment, while in the age group 85 and older, 13% of the elderly have a cognitive impairment. There 
is no difference in the percentage of older men compared to older women with cognitive impairment. 
However, elderly people with a high level of education are less likely to have a cognitive disability than 
older people with a low level of education. [14] People with cognitive impairments react differently to 
signs of fire than the average person. This often has a negative influence on the reaction time.  

Alcohol has also been shown to impair decision making abilities and increase reaction time. [61]  

 Score 
In this scenario, it is assumed that a cue has a probability of 1,0 to be detected and a decision will be 
made. The probability that no action will be taken has already been discussed under detection time. 

The literature shows that the recognition time is from 2 seconds to 2 minutes. The following data is used 
in some earlier research. This values are an average value, what is used in the simulations. 

Population Mean time (s) 

Normal-responding, mobile occupants 16 seconds 

Elderly, Mobility impaired, slower-to-react occupants 28 seconds 

Table 4-7: Recognition times according NIST [62]. 

About 29% of the elderly still exercise every week [63]. In this study we assume that people who exercise 
will respond as a normal person. The other persons will be considered as elderly, mobility impaired, 
slower-to-react occupants. 

In the worst case scenario it is possible to get a recognition time of 2 minutes. This is possible when an 
occupant suffers from dementia or other mental issues. In the age group 65-74, 2% have a cognitive 
impairment, while in the age group 85 and over 13% of the elderly have a cognitive impairment [14]. 
Because there are more people between the ages of 65 and 74 than in the 85 and older category, 
 6% is assumed for people with cognitive impairment.  

Recognition scenario Description Recognition time 𝑷𝑷(𝒙𝒙) 

Normal responding A person reacts as a normal "average" person. 16 seconds 29% 

Elderly response 
A person responds as normal elderly people with 
an average cognitive decline associated with 
age. 

28 seconds 65% 

Cognitive impairment Person responds slowly because it has cognitive 
limitations. 

120 seconds 6% 

Table 4-8: Description of recognition scenarios with corresponding probability distribution. 

 

  



57 
 

 Response time 
Response time is the interval between recognition time and the time at which the first move is made to 
evacuate the building. This time includes activities such as firefighting, warning others, gathering family 
members and pets, dressing, retrieving personal belongings, and so on. 

 RCA 
The action that people take after they realize that there is a risk depends on many factors. A number of 
examples of variables that influence the action are a person’s own awareness, presence of others, 
understanding of escape routes, knowledge of fire growth, training. [60]  

Research has been conducted by researchers in Great Britain and United States with the help of 
interviews. They concluded that the first actions at fire could be categorized into the following actions: 
notifying others, searching for the fire, fighting the fire, calling the fire department, getting dressed, 
getting the family, asking others to call the fire department, gathering personal property, closing the 
door to the fire area, turning off appliances, doing nothing, attempting to evacuate, and other more 
specific actions. [56] 

From 2015 it is known what the first reaction is after discovering the fire in fatal residential fires. When 
residents discover the fire, the first reaction is usually to leave the building (31%) or call 112 (19%). In a 
few cases the residents warned other persons (6%) or they do a rescue attempt (6%) or the do an 
extinguishing attempt (6%). The first reaction of the neighbors (32%) or bystanders or passers-by (64%) 
after discovering the fire usually consists of calling 112. [39] 

For elderly people, a reduced reaction time is a risk factor. This is because the elderly will respond less 
quickly when there is a fire. Due to age or physical limitations older people has often a reduced mobility. 
Due to reduced mobility, the elderly are less able to flee to the home in case of a fire. Especially in 
combination with a slow response time, the risk of a fatal residential fire is greatly increased with reduced 
mobility. Fire (wounds) as a result of cooking is mainly linked to reaction speed and alertness. The 
burning of clothing in particular is a major cause of fire (wounds) in the elderly. [12] 

 Score 
The NIST concluded that elderly, mobility impaired and slower-to-react occupants need 15 seconds to 
get dressed and need 12 seconds to gather belongings [55]. 

It is possible that someone before they decide to flee, wants to discover what causes the fire alarm. 
Time to investigated what is the alarm is about 30 seconds. Research has shown that  6%  of the 
occupants did a rescue attempt and 6% did an extinguishing attempt. It is assumed that in 12% of the 
cases an occupant will investigate [39]. Research has shown that about 65% of people are (presumably) 
awake when a (fatal) house fire breaks out. About 35% were (presumably) asleep during the ignition of 
a fire. [39] 

Population Pre-movement activity Mean time (s) 𝑷𝑷(𝒙𝒙) 

Elderly, Mobility impaired,  
slower-to-react occupants 

Gather belongings 12 seconds 57% 

Get dressed & Gather belongings 27 seconds 31% 

Gather belongings & investigate 42 seconds 8% 

Get dressed & Gather belongings & investigate 57 seconds 4% 

Table 4-9: Description of response scenarios with corresponding probability distribution. 

The extra distance that someone has to travel to discover where a fire is coming from is not calculated 
separately, a fixed value is used for this.  
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 Travel time 
Travel time is the time needed, once movement toward an exit has begun, for all occupants to reach a 
place of safety. 

 RCA 
Shi et al. did research to the walking speed of elderly people. Shi et al. produced a table where the data 
was categorized according to several factors deemed to influence the results produced. The average 
walking speed of elderly people was 1,04 meter per second. The figure below shows the walking speed 
of elderly people in normal conditions.  

 
Figure 4-11: Walking speed of versus age 

In 2010, research was conducted into the walking speed of different age groups. For this the ‘figure-of-
8 walk test’ was used. They looked at speed, movement of body weight and course. This research shows 
that elderly people walk an average of 0,89 m/s. The average adult runs 1,2 to 1,3 m/s. [64] 

The main organs that are charged during fire are the skin, the lungs, the heart and the brain. The skin is 
sensitive to burns, these are mainly caused by radiant heat. Other organs are also affected as a result of 
the damage to the lungs, heart and brain. The most important changes in aging occur at the lungs. The 
lungs have less lung capacity and less air displacement per breath. An older person is therefore less 
able to perform high intense activities. 

There is less oxygen exchanged with the blood [65] and the total amount of air that can be exhaled in 
a single breath decreases by 1 to 2 percent per year [66]. The heart is important for circulating blood 
with which organs feed. With aging, the heart rate will slow down. The maximum cardiac output 
decreases, which means that less blood will be pumped around every minute and organs will get less 
nutrition. This makes it more difficult to carry out heavy activities.  

The effects of the brain are also considerable. There is less blood in the brains so that fainting occurs 
more often. The levels and ratios of chemical substances in the brain will also change. This can make 
someone confused. One of the most important, perhaps the biggest change is the reduced functioning 
of the central nervous system. As a result, the mental condition decrease and the ability to maintain 
balance and to walk well decreases [66]. 
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 Score 
Travel time is the time needed, once movement toward an exit has begun, for all occupants to reach a 
place of safety. Only a horizontal moment is important in this research. When a person is outside the 
apartment, it is assumed to be in a safe area. In this research is assumed that people escape from the 
front door.  

To determine the travel time is it important to know the distance that a victim have to travel. This 
distance is measured in the most worst case scenario. That will mean the maximum distance that a victim 
must travel to get outside the apartment. In the report we assume that a victim can only flee by the 
front door. In a real situation is it possible that a victim tries to flee from a balcony or window.  

Elderly, mobility impaired and slower-to-react occupants has an average walking speed of 0.75 m/s [55]. 
For the opening of a door is chosen 3.7 seconds. [34]  About 44% of the victims are located in the living 
room or kitchen if it is burning [39]. The probability that someone travels from bedroom 1 or 2 is the 
same. 

Room 
Gallery flat Apartment block 

𝑷𝑷(𝒙𝒙) 
Distance Time Distance Time 

Livingroom 13,0 m 25 seconds 13,0 m 25 seconds 44% 

Bedroom 1 8,0 m 18 seconds 7,5 m 21 seconds 28% 

Bedroom 2 10,5 m 21 seconds 9,0 m 19 seconds 28% 

Table 4-10: Description of travel scenarios with corresponding probability distribution. 

An escape through a window or from a balcony is not included in the study. 
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 Reporting time 
The reporting time is the interval between the notification of the occupancies take place and the time 
at which the fire service is called. 

 RCA 
In the residential environment, it has been found that men were more likely to fight the fire, while women 
were more likely to gather family members and call the fire department. [67]  

Little is available in the literature about the reporting time. Often is considered that the detection time, 
warning time, recognition time and reporting time together are the that a fire is reported. It is difficult 
to trace back how long ago a fire started. This is called discovery time and reporting time. Often it is 
assumed that this time is set at 15 minutes. 

There is a quick report if the fire has been reported to the fire department within 5 minutes after the 
fire started. Nearly 40% of fires with victims who were rescued out of the building alive by the fire service 
were reported quickly.  

Within the time that a fire is discovered and reported, it is assumed that most of the time is spent 
discovering a fire. Reporting a fire often only takes less than a minute. 

This very rapid discovery and reporting time mainly takes place during the time periods from 6 pm to 
10 pm and 10 am to 2 pm, namely in approximately one third or more than one quarter of these fires. 
This may be due to the assumption that during these two periods many people move to or within the 
home to eat a meal [39].  

Fires reported at night (between 2 a.m. and 6 a.m.) are reported relatively late. In just over half of the 
cases in this time period, the fire is reported after 15 minutes after the fire started or later, including 
more than a quarter even after more than 30 minutes. The fact that the fires are reported relatively late 
at night and in the early morning can be explained by the fact that those present in the home usually 
sleep at that time. [39]  

Statistics on all fires are collected in the United Kingdom. One of the statistics that is recorded is the 
time from discovery to calling. The figure below shows the time between the discovery of a fire and the 
time to call. The statistics are only about an accidental fire. Only the cases where actual fire damage 
occurred are included. 

 
Figure 4-12: Discovery to call time according United Kingdom statics (n=148.490) [68]. 
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The results from the graph shows the time between discovery to call. This is about the estimated time 
elapsed from discovery of the fire to the first call made to fire control room. The same analysis for people 
over 65 gives a similar result. This statics are relating to fire growth provide data which can be used to 
determine the relationship between attendance time and fire size.  

A delayed report can occur because people first take other actions before calling the fire department. 
It can happen that the residents first extinguish or flee before calling. 

Making a fire report can be done almost immediately if the required resources are available. In a building 
with a residential function, a fire report can only be made by telephone. If a person does not have a 
telephone in the area, it takes a bit longer to report a fire. Four out of ten fires were (first) reported by 
the neighbors. A fifth of the fires were reported to the fire service by people in the surrounding [39]. 

 Score 
In the second available safe time scenario is assumed that a fire service intervention is required. Because 
a fire service intervention is necessary, the times above 5 minutes are not included in this score. For 
situations where is called later than 5 minutes, often action from the fire service is not necessary or 
doesn’t still makes sense. 

In this research the reporting time is divided into two categories [69]: 

• Immediately (<1 minute) 
• Delayed (1-5 minutes) 

Based on this data, two categories are created for the reporting time of the fire service. This mean time 
is based on half of the maximum time in that category. Statics from the fire reports in United Kingdom 
are used to determine the probability of the reporting time. The number (n) of reporting times are 
filtered by unintentionally fires, with fire damage and people of 65 years and older.   

Scenario Mean time (s) N 𝑷𝑷(𝒙𝒙) 

Call immediately 30 seconds 18.202 57% 

Call delayed 150 seconds 13.886 43% 

Table 4-11: Description of reporting scenarios with corresponding probability distribution. 
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 Fire service response time 
The fire service response time is the alarm time, turnout time and drive time together. This means the 
time between the assumption of the fire detection by the control room and the arrival of a fire service 
unit at the location of the incident.  

 RCA 
Around 80% of the approximately 24.000 operational firefighters in the Netherlands are volunteers. [2] 
The voluntary fire service in the Netherlands fulfills the same tasks as the professional fire service and 
has the same obligations. Volunteers follow the same training and exercises. Professional firefighters 
are stationed in a fire station, which means they service during day and night in the fire station live, while 
volunteers come to the fire station when the get a call.  

 
Figure 4-13: Fire response time in relation to other time intervals. 

The fire service response time consist out of different time intervals. Definitions of the different time 
intervals are given in the appendix and the figure below illustrates the relations between them.  

The current Dutch Safety Regions Act contains standard response times for setting up basic fire service 
care. The response time standards are given per function of the building. This standards are the same 
for volunteers and professionals. The following table illustrates the standard response times in the 
Netherlands .  

Response time fire service 

5 minutes Shop function with a closed structure 

5 minutes Buildings with a residential function above a building with a shop function 

5 minutes Buildings with a cell function 

 

6 minutes Portion house 

6 minutes Portion flat 

6 minutes Buildings with a residential function for reduced self-reliance 

 

8 minutes Other residential function 

8 minutes Shop function 

8 minutes Health care function 

8 minutes Educational function 

8 minutes Accommodation function 

 

10 minutes Office function 

10 minutes Industry function 

10 minutes Sport function 

10 minutes Meeting function 

10 minutes Other use function 

Figure 4-14: Response times standards according Safety Regions Act. [70] 
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The original objective of response times was to be able to determine the optimum distribution of fire 
stations and has now been provided for by defining standard times for incident response times [71]. 
This response times are subject to normal traffic disruptions which may lead to later deployment. 

Each safety region must make a policy plan every four years. This policy plan must describe the how to 
reach the intervention times of the fire services. They make in their policy plan a coverage plan with 
response times of all the buildings in the region. To determine this response times, they make use of 
drive time calculations.   

The safety regions indicate that they can only comply with the Dutch Safety Regions Act time norms if 
there are more fire stations than now are available. This takes on their huge financial and personal 
consequences that they find unfeasible. [73] Research shows that there are several problems with 
achieving the intervention times of the fire service nowadays. The main causes are understaff on 
voluntary fire stations, insufficient firefighters available in the function of commander and driver. The 
location of fire stations and posts is not always optimal. The way of working out the coverage plan is 
often not correct, and the drive time calculations are not realistic. 

The CBS collected data around the response times of the fire service in the Netherlands. This results 
are presented in the table below. This data is collected in the period  2013 till 2017. This data is an 
average value in minutes of all the safety regions in the Netherlands.  

The alarm time consist out of two components. This is because a call to 112 does not immediately arrive 
at the fire service control room, but must be forwarded once. First the time between the assumption of 
a report by the control room and the assumption by the fire service operator in the control room. Second 
the time between the assumption by the fire service and the alarm of a unit of the fire service. 

Period 
Average    
alarm time 1 

Average    
alarm time 2 

Average 
turnout time 

Average     
drive time 

Average 
response time 

2013 0,5 minutes 0,5 minutes 2,9 minutes 4,0 minutes 7,4 minutes 

2014 0,5 minutes 0,6 minutes 2,8 minutes 4,0 minutes 7,4 minutes 

2015 0,5 minutes 0,6 minutes 2,8 minutes 4,0 minutes 7,4 minutes 

2016 0,6 minutes 0,7 minutes 2,8 minutes 4,0 minutes 7,5 minutes 

2017 0,7 minutes 0,7 minutes 2,9 minutes 4,1 minutes 7,7 minutes 

Table 4-12: Response times in the Netherlands according CBS. [2] 

The average percentage in which professional fire fighters are within the response time norms is 81%. 
The average percentage in which volunteer fire fighters are within the response time norms is 50%. The 
average percentage in which a combination of volunteer and professional fire fighters are within the 
response time norms is 62%. From this it can be concluded that professionals are more often satisfy the 
response times than volunteers. [11] In the introduction is given a figure that illustrated this results.  

Additional research was done with the statistics of the safety region Brabant-Noord. The intervention 
statistics for 2017 were used in this study. A separation has been made between volunteers and 
professionals. The data has been filtered. Only data from reports of residential fires has been used. Only 
the data from the first vehicles arriving on the incident location was used. 5% of the extreme values has 
been filtered out because it may contain errors. The results are presented in the table below.  

Type Alarm time Turnout time Drive time Response time 

Volunteers 63 seconds 278 seconds 231 seconds 589 seconds 

Volunteers 1,1 minutes 4,6 minutes 3,9 minutes 9,8 minutes 

Professionals 61 seconds 99 seconds 303 seconds 494 seconds 

Professionals 1,0 minutes 1,7 minutes 5,1 minutes 8,2 minutes 

Table 4-13: Response times of safety region Brabant-Noord in 2017.  
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 Score 
The CBS collected data of reaction times of the fire service in the Netherlands. This happened in the 
period of 2013 till 2017. They collected the time between the assumption by the control room and the 
alarm of a unit of the fire service. Here is no difference between volunteers and professionals. 

To determine the probability of the turnout time and drive time is made use of the statistics of fire safety 
region Brabant-Noord [75]. They collected data of fire intervention times in this region. For this research 
the data of 2017 is used. Only the data of residential fires with the highest priority is used. The 5% most 
extreme values have been filtered out to exclude measurement errors. Only the intervention of a first 
fire service unit that comes to the fire location is included in the results. 

First the statics of volunteers are analyzed. We assume that 80% of the fire service turn outs is done by 
volunteers. An average value and a standard deviation are calculated based on the statistics. 

Stochastic Mean Standard deviation Variance 

Parameter 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑽𝑽𝑽𝑽𝑽𝑽(𝒙𝒙𝒎𝒎) 
Assumption control room 36 9 81 

Alarm fire service unit 35 15 225 

Turnout time volunteers 278 58 3364 

Drive time volunteers 231 95 9025 

Response time volunteers 580  113  12695 

Table 4-14: Stochastic values of response time of volunteers (n=137). 

The second analyses is about the response time of professionals. We assume that 20% of the fire service 
turn outs is done by professionals. An average value and a standard deviation are calculated based on 
the statistics. 

Stochastic Mean Standard deviation Variance 

Parameter 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑽𝑽𝑽𝑽𝑽𝑽(𝒙𝒙𝒎𝒎) 
Assumption control room 36 9 81 

Alarm fire service unit 35 15 225 

Turnout time professionals 99 66 4356 

Drive time professionals 303 79 6241 

Response time professionals 473  104  10903 

Table 4-15: Stochastic values of response time of professionals (n=54). 

By analyzing both results, it appears that professionals are on average 107 seconds earlier on fire 
location than volunteers.  

Stochastic Value Chance Average SD Variance VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑽𝑽𝑽𝑽𝑽𝑽(𝒙𝒙𝒎𝒎) 𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Response time volunteers 580 0.8 464 113 12695 14151 

Response time professionals 473 0.2 95  104 10903 2163 
 Response time  559 seconds  variance(t) = 16314 
     s(t) = 128 seconds 

Table 4-16: Stochastic values of total response time. 

From these tables it can be concluded that an average response time of 559 seconds and a standard 
deviation of 128 seconds is achieved in Brabant-Noord. This means on average a response time of more 
than 9 minutes, which means that the standards are not being met.  
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 Rescue time 
Rescue time is the time interval between the arrival of a fire service until at the location of the incident 
and a successful rescue of a victim in a building.  

 RCA 
There is no internal emergency service in residential buildings. Older people often decide not to go 
outside independently. For this it is necessary that someone evacuates the persons. In the Netherlands, 
the fire service is the only organization that performs nationally in residential buildings without 
permanent care. 

Persons age % people who leaving the building 

60 – 69 years 55% 

70 – 79 years 65% 

80 – 99 years 50% 

Table 4-17: Percentage of people who leave independently a building. [72] 

There is not much data available about the rescue time of victims in a fire. Certainly not in the specific 
case of the elderly. The IFV did research into rescues by residential fires in 2014 and 2015. A rescue is 
carried out by the fire service on average every other day. The following conclusions were included in 
the report on rescue in the case of fire [23] [4]: 

• Majority is rescued from a portion flat. 
• In case of a fire in a portion flat and living above shops, the average number of rescued persons 

is the highest, namely 3 persons per incident. 
• Most people are rescued in the evening and at night, more people are rescued during these 

incidents. 
• Most people are rescued from a bedroom, balcony or living room. 
• There is smoke inhalation by the most victims. Burns almost never occur. 
• One in three people is rescued from an environment where there is heavy smoke distribution. 
• The fire service has an average  response time of 6 minutes. 
• The rescue happens in almost half of the cases with a red vehicle (platform). 

In the appendix is given an overview of the needs for rescue in case of fire. The most common needs 
for rescue is from people that can’t flow anymore. Only a few of people who are rescued didn’t discover 
a fire of diced not to flow. The most important raison why people can’t flow is a fast smoke and heat 
distribution.  

 
Figure 4-15: Rescue types in 2014 and 2015 in Netherlands (n=343). [4] 



 
66 
 

 
Figure 4-16: Rescue time versus number of rescues in 2015 according IFV. [4] 

 In nearly 60% of rescues with a rescue vehicle, the victims are on the roof or the balcony. In the other 
cases, the victims are in the building and have been brought out through an opening (window or door) 
with the help of a rescue vehicle. In 49 cases the fire service lift a person to outside. These cases include 
victims who are unconscious. In 51 cases, the victims were taken outside by the fire service without the 
use of respiratory protective equipment for the victim. [4] 

In the report is mentioned the rescue time of 157 victims in two year. This varies between 1 till 13 
minutes. The most of them are rescued in 6 minutes. With help of this data is made an estimation of the 
rescue time, this results are given in the graph below. [4]  

Respondents were asked whether they can indicate after how many minutes it victim was rescued by 
the fire department. This is an estimate of the respondent. It cannot be excluded that time compression 
has played a role in the given answers. In 13 cases the information was so inaccurate that it was excluded 
from the investigation. A research report from safety region Twente concluded that most people are 
presumably rescued within 5 minutes of the arrival of the fire service at an incident [23]. 

Rescue conditions 
The fire service cannot carry out a rescue under all conditions. For this the building conditions must be 
such that this is possible. This is also dependent on the fire development. A number of rules are 
mentioned in the training program for the fire service commander in order to fight a fire and carry out 
a rescue [73]. 

1. Rescuing people and animals before extinguishing the fire. 
2. The exploring is always carried out by at least two people. 
3. Where possible, the greatest danger is removed. 
4. Where possible, normal accesses are used. 
5. Breathing protection, hand lamps and possibly a crowbar must be used. 
6. high-pressure fire extinguishing equipment is carried along. 
7. A safe retreat is provided. 
8. All sides of the cube are explored. 

The search for victims must be done systematically and intensively. Systematic means in this case that 
the spaces are searched first where possible victims are most at risk, namely [73]: 

• In and near the room of the fire 
• In smoke-filled rooms. 
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Figure 4-17: Quadrant model 

In more and more countries a new doctrine is being applied: "First, put the fire out". This does not 
change the objective of the fire service. Saving human lives is still the most important thing. 
Extinguishing the fire gives the victims in a home the highest chance of survival. [23] 

The fire service uses the quadrant model to determine if a rescue is possible. The quadrant model is the 
model that the commander of the firefighting operation uses to determine his attack strategy. The 
quadrant model is set up from outside versus the inside and defensive versus offensive. It is only possible 
to carry out a rescue during an offensive interior attack.  

The objectives of an offensive interior operation are rescue and fighting fires. The firefighting personnel 
operate inside the building, inside the fire compartment. To operate safely inside a fire compartment, 
the conditions have to be such that hot gases cannot ignite. In other words, the gases have to be cooled 
and kept below the ignition temperature. The structural condition of a building has to be sound enough 
to be able to enter the building safely. The assessment whether or not to enter a building depends upon 
whether or not the objectives of the operation can be attained safely. Possible objectives are rescue 
and fire extinguishment which will immediately improve conditions for any victims. [74] 

The commander of the firefighting operation has to assess whether it is likely that there are any people 
in the burning fire compartment. The assumption that there are still people inside a building is often 
based on, for instance, the original alarm. The existing fire protection measures should be taken into 
account when assessing the chances for a successful rescue operation and when deciding whether to 
enter the burning fire compartment to perform a search. [74] 

Knowledge of fire-resistance is essential to be able to make an assessment about whether an offensive 
interior attack is possible and to be able to determine how long an operation inside the fire 
compartment can be carried out safely. In order to be able to make an informed decision about safely 
performing an offensive interior attack, commanders of firefighting operations have to possess 
knowledge of [74]: 

• Fire protection measures with regard to escaping and improving conditions for survival (fire 
alarm system, evacuation system, sprinkler system etc.) 

• Normative fire behavior 
• Fire-resistance requirements for building construction and building materials. 

A complete overview with the possible quadrants and the corresponding goals is given in the appendix. 
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Research has been carried out into the possibility of the fire service acting in relation to heat. This study 
looked at the amount of radiant heat a fire fighter clothing can handle. They have made the following 
guidelines for a deployment with fire fighting’s clothing [75]. 

• At heat radiation levels above 1,0 kW/m² and up to and including 4,6 kW/m2, at least 
fireman's clothing (NEN-EN469) must be worn. 

• Activities may take up to 3 minutes at 3,0 kW/m² to prevent pain. With this radiation intensity, 
heat build-up is only a risk after 20 minutes. 

• In any case, these activities may take less than 3 minutes at a maximum of 4,6 kW/m². Then a 
safe area must be reached. 

If the radiant heat is too large, the fire must first be extinguished before a rescue can be carried out. 
This can be done by an offensive outside attack. In these cases there will hardly be any chance of survival 
for victims in the fire compartment. 

 Score 
There is not much data available about the rescue time of victims in a fire. Certainly not in the specific 
case of the elderly. The IFV did research into rescues by residential fires in 2014 and 2015. In the report 
is mentioned the rescue time of 157 victims in two year. This varies between 1 till 13 minutes. The most 
of them are rescued in 6 minutes. With help of this data is made an estimation of the rescue time. [22] 

Respondents were asked whether they can indicate after how many minutes it victim was rescued by 
the fire department. This is an estimate of the respondent. It cannot be excluded that time compression 
has played a role in the given answers. In 13 cases the information was so inaccurate that it was excluded 
from the investigation. 

Rescue time (s) 
𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

60s 2,65% 1,6 -305,96 2480 

120s 7,95% 9,5 -245,96 4808 

180s 17,88% 32,2 -185,96 6183 

240s 19,21% 46,1 -125,96 3047 

300s 9,93% 29,8 -65,96 432 

360s 8,61% 31,0 -5,96 3 

420s 3,31% 13,9 54,04 97 

480s 7,95% 38,1 114,04 1034 

540s 2,65% 14,3 174,04 802 

600s 3,31% 19,9 234,04 1814 

660s 0,00% 0,0 294,04 0 

720s 3,97% 28,6 354,04 4981 

780s 7,95% 62,0 414,04 13623 

840s 4,64% 38,9 474,04 10417 

Rescue time 366 s var(t) = 49721 

  s(t) = 223 s 

Table 4-18: Rescue times (n=144). 

From this table can obtain that the average rescue time is set at 366 seconds with a standard deviation 
of 223 seconds. So a rescue done by the fire service takes about 6 minutes from the moment the fire 
service arrives at the fire location.  
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5 Problem analysis results 

In this chapter the results that have been collected will be analyzed. It will be discussed which 
parameters are the most sensitive. Ultimately, the parameters will be grouped and ranked by the 
greatest uncertainty and greatest average value. 

 AST-RST 
To determine the chance of success, a probabilistic analysis was made of the two AST-RST scenarios. 
The data from the previous chapters have been used for this. An average value has been calculated 
using this data. The standard deviation is calculated using different partial variations.  

The AST calculations work with two different partial variations. The partial variations differ from each 
other in the positive and negative directions. This results in an asymmetrical probability distribution.  
The probability distribution of the RST is determined using a symmetrical probability distribution. 
The following figure shows the probability distributions of the available safe time and required safe time 
in the living room in the gallery flat for an independent escape.  

 
Figure 5-1: Probability distribution of AST-1 and RST-1 of the living room in the gallery flat. 

The figure show the considerable uncertainty in the AST and RST. The average value of the RST is 
greater than the average value of the AST. That means that the probability of success is very small and 
an intervention is necessary. The next figure shows the results of an intervention by the fire service.  

 
Figure 5-2: Probability distribution of AST-2 and RST-2 of the living room in the gallery flat. 
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The probability distribution of the intervention by the fire service shows a very small chance of success. 
This is because the average values of both scenarios are very different on the negative side. 

By subtracting the AST from the RST, the probability of failure can be calculated. For this, the average 
value of the AST is reduced by the average value of the RST. The standard deviation is determined by 
the sum of the partial variances. The following figure shows the probability distribution with the 
probability of success over the two AST and RST scenarios. 

 
Figure 5-3: Probability distribution of two AST-RST scenarios in living room of gallery flat. 

The figure shows that the chance of success is very small. This is because in both scenarios the average 
values of AST are smaller than the average value of the RST. Because in the escape scenario the average 
values are closer together, there is still a very small chance of success. A fire service intervention has 
hardly any chance of succeeding in the living room of the gallery flat. 

Fire safety can be increased by increasing the average value of the AST or reducing the average value 
of the RST. If the AST is larger than the RST, fire safety can only be increased by reducing the uncertainty. 
Similar analyzes have been made for each scenario. These analyzes can be found in the appendix. 
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 AST analysis 
To see which measures can be applied, it is important to determine what determines the average value 
and variance. This section discusses the various parameters that are being investigated about the 
Available Safe Time. 

 Parameters 
The average value of the AST is determined using a reference simulation. Using average values as input, 
one reference simulation was made in the gallery flat and one in the apartment block. How these 
average values (scores) were established was explained in the previous chapters.  

In addition to these average values, a maximum and minimum value has been identified that can occur. 
These values are used to determine an uncertainty. A variance can be determined by performing a 
simulation with a maximum or minimum value. A standard deviation is determined using all partial 
variations. The uncertainty is always applied to the reference situation. 

In the following table an overview of the chosen fire properties and standard deviations that have been 
collected in the previous chapters. By deviating positively and negatively different from the average 
value, an asymmetric probability distribution will arise. 

Parameter 𝒙𝒙�𝒎𝒎 𝒙𝒙𝒎𝒎𝒎𝒎𝒎𝒎 𝑺𝑺𝒎𝒎 (𝒎𝒎𝒎𝒎𝒎𝒎) 𝒙𝒙𝒎𝒎𝑽𝑽𝒙𝒙 𝑺𝑺𝒎𝒎 (𝒎𝒎𝑽𝑽𝒙𝒙) 

Heat of combustion 17.500 kJ/kg 15.000 kJ/kg -2.450 32.500 kJ/kg 15.750 

CO yield 1,0% 0,4% -0,6 8,0% 7,0 

Soot yield 2,6% 0,8% -2,0 21% 18 

HRR factor 1,0 0,5 -75 2,0 125 

Time factor 1,0 0,5 -75 2,0 150 

Table 5-1: Stochastic boundary conditions of fire properties. 

In addition to uncertainty in the fire properties, uncertainty is also applied to the building characteristics. 
The following table shows an overview of the average values and the chosen maximum and minimum 
values with corresponding standard deviation. 

Parameter 𝒙𝒙�𝒎𝒎 𝒙𝒙𝒎𝒎𝒎𝒎𝒎𝒎 𝑺𝑺𝒎𝒎 (𝒎𝒎𝒎𝒎𝒎𝒎) 𝒙𝒙𝒎𝒎𝑽𝑽𝒙𝒙 𝑺𝑺𝒎𝒎 (𝒎𝒎𝑽𝑽𝒙𝒙) 

Internal door(s) fire room 100% 0,5% -100 100% 0 

Internal door(s) other rooms 50% 0,5% -50 100% 50 

Windows fire room 20% 0% -20 100% 80 

Windows other rooms 20% 0% -20 100% 80 

Ventilation vents fire room 50% 0% -50 100% 50 

Ventilation vents other rooms 50% 0% -50 100% 50 

Mechanical ventilation 100% 0% -100 150% 50 

Façade leakage 0,1% 0,01% -0,09 0,02 % 0,1 

Table 5-2: Stochastic boundary conditions of building characteristics. 

By including all uncertainties in the reference situation, an average value and a total positive and 
negative variance per room in the building is calculated. The square root of this variance gives a standard 
deviation in the positive and negative direction. 

Not every value from the chosen AST criteria is achieved in the simulations. It is possible that the time 
of these criteria is equal to the simulation time. Because it is nevertheless possible to introduce 
uncertainty, these values have been modified. In order to apply an uncertainty of 5%, this time is 
equated with a chance of success of 95% of the intervention time by the fire service. This means that 
values with the maximum simulation time are adjusted in 1800 seconds.  
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 AST 1 - Apartment block 
The following figure shows the simulation results of the apartment block based on the criterion of 
independent escape. The average value of the reference situation is displayed in the colored horizontal 
dotted line. 

It is indicated for each parameter how much influence it has on the reference situation. The colored dot 
indicates the new AST value when the selected parameter is varied. The new parameter has always been 
applied to the reference situation. 

 
Figure 5-4: Overview of simulation results AST-1 (escape) in apartment block. 

The figure shows that in bedroom 2 until the end of the simulation the criterion was not reached in the 
reference situation. Some parameters ensure that this criterion is reached. The figure shows the position 
of the doors and the time constant an important parameter.  
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 AST 1 - Gallery flat 
The following figure shows the simulation results of the gallery flat based on the criterion of independent 
escape. The average value of the reference situation is displayed in the colored horizontal dotted line. 

It is indicated for each parameter how much influence it has on the reference situation. The colored dot 
indicates the new AST value when the selected parameter is varied. The new parameter has always been 
applied to the reference situation. 

 
Figure 5-5: Overview of simulation results AST-1 (escape) in gallery flat. 

The figure shows that in bedroom 2 the position of the door between the fire room and the other 
rooms results in not reaching the AST criterion. The time constant is an important parameter in all 
rooms. 
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 AST 2 - Apartment block  
The following figure shows the simulation results of the apartment block based on the criterion of 
surviving. The average value of the reference situation is displayed in the colored horizontal dotted line. 

It is indicated for each parameter how much influence it has on the reference situation. The colored dot 
indicates the new AST value when the selected parameter is varied. The new parameter has always been 
applied to the reference situation. 

 
Figure 5-6: Overview of simulation results AST-2 (surviving) in apartment block. 

The figure shows that in bedroom 2 until the end of the simulation the criterion was not reached in the 
reference situation. Some parameters ensure that this criterion is reached. A longer survivable situation 
is possible in the corridor than in the fire room. The survivable situation in bedroom 1 is even longer. 
The figure shows the position of the doors and the time constant is also here an important parameter. 



75 
 

 AST 2 - Gallery flat surviving 
The following figure shows the simulation results of the gallery flat based on the criterion surviving. The 
average value of the reference situation is displayed in the colored horizontal dotted line. 

It is indicated for each parameter how much influence it has on the reference situation. The colored dot 
indicates the new AST value when the selected parameter is varied. The new parameter has always been 
applied to the reference situation. 

 
Figure 5-7: Overview of simulation results AST-2 (surviving) in gallery flat. 

The results in the figure above are comparable with the results of the apartment block. The difference 
with the apartment block is that in this figure the position of the windows has a stronger influence on 
the survivable situation in the bedroom.  
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 RST analysis 
 Parameters RST-1 

In the table below an overview of the selected parameters by an independent escape. Based on the 
data from the table above, a probability distribution is shown below the table.  

RST-1 (escape) Value Chance Average SD Variancy 

Parameter 𝒙𝒙�𝒎𝒎 𝑷𝑷(𝒙𝒙�𝒎𝒎) 𝑷𝑷(𝒙𝒙) ∗ 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 
𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Gather belongings 12 0.57 7 9 45 

Get dressed & Gather belongings 27 0.31 8 -6 12 

Gather belongings & investigate 42 0.08 3 -21 36 

Get dressed & Gather belongings & investigate 57 0.04 2 -36 52 

Response time Average time: 21 Variance: 144 

Livingroom 25 0.44 11 -3 3 

Bedroom 1 21 0.28 6 1 0 

Bedroom 2 19 0.28 5 3 3 

Travel time Average time: 22 Variance: 7 
  RST= 347 s var(t) = 45814 
    s(t) = 214 s 

Table 5-3: Overview of RST-1 (escape) parameters. 

 
Figure 5-8: Probability distribution of RST-1 (escape).  
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 Parameters RST-2  
In the table below an overview of the selected parameters by an intervention by the fire service. Based 
on the data from the table above, a probability distribution is shown below the table. 

RST-2 (intervention) Value Chance Average SD Variancy 

Parameter 𝒙𝒙�𝒎𝒎 𝑷𝑷(𝒙𝒙�𝒎𝒎) 𝑷𝑷(𝒙𝒙) ∗ 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 
𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.80 464 133 14151 

Professionals 473 0.20 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1.00 366 233 54289 

Rescue time Average time: 366 Variance: 54289 
  RST= 1310 s var(t) = 117134 
    s(t) = 342 s 

Table 5-4: Overview of RST-2 (intervention) parameters. 

 

 
Figure 5-9: Probability distribution of RST-2 (intervention).  
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 Sensitivity analysis 
The individual parameters are shown in the sensitivity analysis below. The sum of all averages is 
displayed in the horizontal dotted line. The influence of the standard deviation on the total average 
time is shown per parameter. Not all parameters affect every RST scenario. Because the influence of the 
parameter is determined using the standard deviation, the influence is the same in positive and negative 
direction. 

 
Figure 5-10: Sensitivity analysis of RST parameters. 

It can be concluded from the figure that the detection time is an important parameter in an independent 
escape attempt. For an intervention of the fire service, the rescue time and the response time of the fire 
service are also important. 
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 Group parameters 
In the previous sections, the individual parameters of the AST and RST were discussed. To see where 
the problems are, the various parameters are grouped. Hereby the parameters are grouped at different 
time intervals. An analysis is made with the total variance and the total average time of all parameters. 
The analysis assumes a total of 100% and analyzes the influence of the individual parameters to the 
total. 

It is possible to increase fire safety in two ways. First of all, the average value of the RST can be reduced 
or the average value of the AST can be increased. The second possibility is to reduce the uncertainty of 
the various parameters. The basic principle remains that the available safe time must be greater than 
the required safe time. 

The figure below shows the influence of the uncertainty of the various parameters in red. The influence 
of the different parameters on the total average time is shown in blue. In the first analysis, the different 
time intervals are used as parameters for an independent escape. 

 
Figure 5-11: Analysis of RST-1 grouped parameters. 

The figure clearly shows that in RST-1 the detection time has the greatest influence on fire safety, both 
on uncertainty and on average value. The average time of the other parameters is approximately 25% 
of the total average time. The uncertainty in the other parameters is negligible compared to the 
uncertainty in the detection time. 

The same analysis was made for RST-2 scenario, where the parameters of an intervention by the fire 
service is investigated. This is also an analysis of the variance and the average time of the different 
parameters.   

 
Figure 5-12: Analysis of RST-2 grouped parameters. 
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The parameters from the second analysis seem to be somewhat differently distributed. The rescue time 
includes the greatest uncertainty. The detection time and the response time of the fire service also 
contain some uncertainty. 

The average values are less clearly distributed. It can be seen that the average value of the fire service 
response time has the greatest influence. The detection time and the rescue time are also an important 
parameter. Other parameters have little or no influence on fire safety. The detection time, FS response 
time and rescue time have the most possibilities for improvement. 

The RST-1 analysis shows that 80% of the problems are caused by the detection time. The  
RST-2 analyzes show that more than 80% of the problems are caused by the detection time, fire service 
response time and the rescue time. 

The various parameters have also been analyzed for the available safe time. A distinction is made here 
between the fire room and the other rooms. The influence of the parameters is shown in two AST 
scenarios. New simulations were carried out using the standard deviation of various parameters.  
The influence of different parameters are determined with help of simulations with the individual 
parameters that were compared to the reference situation. 

 
Figure 5-13: Sensitivity analysis of AST (fire room) grouped parameters. 

The analysis in the fire room shows that for both AST scenarios, the time constant is the most important 
parameter. This analysis uses the central limit theorem. It is difficult to check whether not one of the 
parameters is dominant. But the results of the simulations meet expectations.  

The results from the analysis seem a realistic result. The time constant determines the speed with which 
the conditions in a fire room change. When a fire develops faster, the room conditions will be 
deteriorated quickly. Because the smoke and heat cannot escape from the fire room, the time constant 
is the strongest parameter. So it seems logical that it has a major impact on the AST in the fire room. 
The prediction is that this can be very different in the other rooms.  
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Figure 5-14: Sensitivity analysis of AST (other rooms) grouped parameters. 

The same analysis is made of the parameters in the other rooms. The same parameters are investigated 
and the same criteria are used as in the previous analysis. 

The relevance of the parameters appears to be ranked equally in the case of escape conditions and 
surviving conditions. It can be deduced from the graph that in the other rooms the configurations of the 
inner door between the fire room and the other rooms have the greatest influence. The configuration 
of the other doors and windows also have an influence. The other parameters have limited or no 
influence. 

The room conditions are strongly determined by the smoke distribution in a room. By closing the doors, 
the room conditions in the other room are influenced more strongly than by the time constant. This is 
different in the fire room. The position of the windows in the other rooms influence the oxygen supply 
and the discharge of hazardous smoke in the other rooms. This improved the room conditions in the 
other rooms. 

In the fire room, more than 80% of the problems are caused by the time constant. In the other rooms, 
more than 80% of the problems are caused by the configuration of interior doors or windows in the 
other rooms.  
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6 Measurements 

Preventive and repressive measures are investigated using the results from the problem analysis. These 
measures will either increase the average time of the AST, reduce the average time of the RST or reduce 
the uncertainty. A combination of these is also possible. 

 Preventive measurements 
The problem analysis shows that the average time of the AST must be greatly increased or the RST must 
be greatly reduced. only adjusting the uncertainty makes no sense, because in many situations the AST 
is smaller than the RST. 

The most important parameters that can influence this are the detection time, time constant and the 
configuration of windows and doors. 

To improve the detection time the following measures are investigated: 

• Smoke detector density 
• Smoke detector levels 
• Reporting by neighbors 
• Civilian assistance 

The smoke detector density is currently only 65% among the elderly. Increasing the density will positively 
influence fire safety. The IFV works with smoke detector levels. The application of the different levels 
will be investigated. 

The safety region Twente is investigating smart smoke detectors that alert the neighbors in the event 
of a fire. In the Netherlands we have civilian assistance that is used for resuscitation to support the 
ambulance. Perhaps this can also be used in the fire service. They can report a fire at an early stage and 
shorten the detection time. 

To improve the time constant the following measure is investigated: 

• Fireproof furniture 

A fire will develop less and less quickly when there is worked with fireproof furniture. By investigating 
the role of fireproof furniture, the time constant will be influenced. 

To improve the smoke and heat spread caused by the configuration of windows and doors, the following 
measures are investigated: 

• Automatic windows 
• Automatic internal doors 

By opening or closing windows and doors, the smoke distribution will behave differently. The influence 
of automatic doors and windows will be investigated in various configurations. 

The possible preventive measures are explained per section. The measures are always applied to the 
reference situation as described in the problem analysis results chapter. The influence of the measures 
on the reference situation in the problem analysis is worked out. The calculations can be found in the 
appendix. The results of these measures are compared in the results and discussion chapter. 
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 Smoke detector density  
Smoke detectors are essential for a fast detection time in the event of a fire. In the Netherlands there is 
currently a smoke detector density of approximately 65,5% among people aged 65 and over. This is 
below the average in the Netherlands. There are also other countries that have a larger smoke detector 
density. 

In the United Kingdom, a law was introduced in 1992 requiring at least one smoke detector per floor in 
newly built homes. In 1987 a smoke detector was present in approximately 9% of households. In 1998 
that had risen to 75% of households. The number of deaths from fire decreased by 40% during that 
period. In the United Kingdom the smoke detector density is around 88% in 2013 [52]. Similar 
improvements have been made in other countries. In the United States the smoke detector density is 
reported from 1977 till 2009. The smoke detector density is around 97-96% at this moment.  

Figure 6-1: Smoke detector density in USA [54]. 

In the Netherlands, smoke detectors are regulated in the Building Decree. According to the 2012 
Building Decree (Article 6.21), a new-build home must be equipped with smoke detectors connected 
to the mains power supply. By also requiring this in existing homes, the smoke detector density can be 
increased. By increasing the smoke detector density in the Netherlands, this will positively influence the 
detection time. 

By connecting these new smoke detectors to the mains and providing them with a backup battery, the 
chance of successful alarms will be greatly increased. In the reference situation, a smoke detector with 
a battery is assumed. This works in approximately 75% of the time. A smoke detector that is connected 
to the mains with backup battery works in approximately 93% of the cases. 

 
Figure 6-1: Influence of smoke detector density to reference situation. 
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 Smoke detector levels 
The location of the smoke detector is important to define the time of detection a fire. The IFV did 
research into efficiency of smoke detectors in residential buildings. The results of this research are 
summarized in report effect of smoke detectors in residential buildings (2015). In This report is made a 
difference between three different levels of location of smoke detectors. [76] 

• Level 1: Smoke detectors are placed in the traffic rooms. 
• Level 2: Smoke detectors are connected and presence in every room where people can sleep.  
• Level 3: Smoke detectors are connected and in every potential fire room.  

Many existing buildings do not even meet level 1. The existing building code is based on level 1. Out 
the fire test is come that when the smoke detectors are only placed in the traffic rooms (level 1) 
sometimes they detect a fire too late. Fleeing through the room is than not possible anymore. The 
evacuation time can be increased by upgrading to level 2 or level 3.  

In level 3 is varied in optical and thermal smoke detectors. The thermal detector, or heat detector, 
responds to temperature fluctuations. In the event of a fire in a home, however, often a lot of smoke 
and toxic gases develop, before large temperature fluctuations occur. The thermal detector can be 
applied in areas where the sensor is often unnecessarily in alarm. This can be applied for example in the 
kitchen. 

If several smoke detectors are installed in a home, they must be linked to each other. This increases the 
chance that a smoke detector functions properly. Placing several smoke detectors also increases the 
chance that a person will hear the smoke detector.  

Research into average time to alarm for several smoke alarms and fire scenarios in a two-story home 
shows that the average alarm time is reduced to 54 seconds at level 2 a to level 3 to only 42 seconds. 
[55] 

A smoke detector in the corridor, with a closed bedroom door, it is assumed that people who are very 
reduced alert are not alerted by a smoke detector but by other signals. If there is also a linked smoke 
detector in the bedroom, it is assumed that these people will also be alarmed by a smoke detector. The 
probability of alarming is increased from 45% to 91%. This is discussed in detail in chapter 4. 

Parameter Level 1 Level 2 Level 3 

Average detection time 107-186 seconds 54 seconds 42 seconds 

Number of detectors 1 3 5 

Probability of working 93.0% 99.6% 100% 

Probability of hearing 45% 91% 91% 

Table 6-1: Parameters by different smoke detector levels. 

 
Figure 6-2: Influence of smoke detector levels to reference situation. 
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 Reporting neighbors 
Fast help can be lifesaving. That is why the neighborhoods in Winterswijk entered into a partnership 
with the municipality and the safety region North and East Gelderland at the end of 2017. In a pilot 
project, 40 homes of vulnerable elderly people have been connected with "smart" smoke detectors. In 
the event of a report, the social network of neighbors, family or caregivers are alerted. The pilot is now 
being expanded to 1.000 homes in the Achterhoek.  

The project has already delivered some results. Participants feel safer in their own home and possible 
incidents in the specific living environment of people have become clear. The sensors actually offer a 
solution for safer living and are not experienced as a violation of their privacy. The participants feel more 
connected with their caregivers and vice versa.  

When someone starts using the system, smart smoke detectors are installed in the home. The neighbors 
will be alerted in the event that one of a notification. The neighbors then have access to the property. 
Because this system only works well if a detector is installed in all living areas, smoke detector level 2 is 
assumed. This means a smoke detector in each living area and an average reporting time of 42 seconds. 

The chance that someone responds to an alarm has been set at 75%. This is because the chance of 
someone being home and responding to an alarm is set at 50%, and it is assumed that two neighbors 
receive an alarm. This creates a 75% chance of success. Because the neighbors live close together, it is 
possible to respond quickly. An intervention time of on average 2 minutes is assumed, with a standard 
deviation of 40 seconds. 

Within this total intervention time the chance is 80% that the home can be entered. In 20% of the cases, 
it is no longer possible due to the room conditions caused by smoke and heat dissipation. The chance 
that a person can then carry out a successful intervention is 45%. An overview of all calculations is in the 
appendix. The following figure shows an event tree of a possible intervention. 

 
Figure 6-3: Event tree of reporting neighbors 

In 32% of the cases a neighbor will be able to carry out a successful intervention. In all other cases, a 
normal RST scenario will occur. This means that the average RST-2 time is reduced to 808 seconds.  

 
Figure 6-4: Influence of intervention by neighbors to reference situation. 
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 Civilian assistance 
Citizen assistance is assistance provided in urgent situations by non-professional volunteers awaiting the 
arrival of professional assistance. In the Netherlands, this is already being used for medical assistance in 
the event of a cardiac arrest. The civilian counselors are deployed to start CPR. 

In the Netherlands, people can register with the Dutch Heart Foundation. People who sign up are 
expected to have knowledge of first aid and resuscitation techniques. In the event of a report, the civilian 
emergency responders receive a report on their telephone. The same could be used to reduce casualties 
in the event of a fire. This is a bit like the solution of reporting the neighbors, but on a much larger scale. 

Research into civilian assistance with the ambulance shows that there is someone on site at the location 
of the incident for 95% of the alarms. On average, someone is at the location of the incident after about 
3 minutes and 3 seconds after the alarm. The system assumes that 95% of the assistance is on site within 
6 minutes. When we start using this system for the fire service, we use 95% of all reports an action by 
the civilian emergency services. These require an average of 3 minutes to arrive at the fire location with 
a standard deviation of 80 seconds. The people who arrive on site can report a fire and, if the conditions 
allow it, carry out an intervention. 

If the conditions in a room do not allow it, a fire will be reported if a person comes to the fire location. 
An intervention is then carried out by the fire service. If an intervention succeeds, an intervention by the 
fire department will not be necessary. Given the number of false reports that may arise, it is not desirable 
to immediately report the report to the fire service. 

The calculations show that 35% of the people who arrive on site can enter a building because the room 
conditions allow this. An intervention will succeed in 45% of the cases. The full calculations can be found 
in the appendix. These results are processed in the following event tree. 

 
Figure 6-5: Event tree of reporting civilian assistance. 

A new RST-2 calculation has been made based on 3 different scenarios. The first scenario is based on 
no intervention but with detection level 2. The second scenario is based on an intervention by the fire 
service but a fire report by a civilian emergency assistance. The third scenario is an intervention by the 
civilian assistance. The following figure shows the influence of civilian assistance on the RST-2 scenario. 

 
Figure 6-6: Influence of intervention by civilian assistance to reference situation. 
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 Fireproof furniture 
Although fireproof furniture is not mandatory in the Netherlands, it can mean a major increase in fire 
safety. Fireproof furniture is furniture that can withstand different types of ignition sources. So when we 
speak of fireproof furniture it does not simply mean that the furniture will not burn and then contribute 
to the fire load in the room. It means that the furniture can withstand a specific ignition source for a 
specified period of time. [29] 

Research by the IFV shows that in Europe there would be an annual reduction of 1.000 to 1.500 deaths 
in the event of fire if everyone in Europe had fireproof furniture. In the Netherlands it means that there 
are 11 people are prevented from death and 125 fewer injured people each year. [77] To reduce fires 
and save lives the Federation of the European Union Fire Officer Associations wants to focus on the 
incipient phase of the curve. They want to avoid or at least prolong the ignition of upholstery items. [29] 

The figure below shows a heat release rate of a normal sofa and a fireproof upholstered sofa. This heat 
release rates are from the initial fires measured under a calorimeter. A fireproof upholstered sofa shows 
a much slower fire development. The fire development does not have a peak like a normal sofa does. 
The fire development takes much longer than with a normal sofa. 

 
Figure 6-7: Fire development normal sofa and fireproof sofa. [33] 

To investigate the effect of fireproof furniture, a simulation will be performed with the heat release rate 
of the fireproof furniture as input. The fire will not develop into a flashover. Because a specific object is 
burning here, the fuel will not correspond to a cellulose-like fuel. That is why the following fuel 
characteristics are used. Because the furniture will be consist for the biggest part of polyurethane foams, 
the following input will be used in the simulation. In this simulation is chosen for GM25 [8]. The nitrogen 
component is not used as additional survival criteria because there is a lot of uncertainty about this. 

Input Modern sofa 

Material  Flexible polyurethane foams GM25 

Structure formulae 𝐶𝐶𝐻𝐻1.7𝑂𝑂0.30𝑁𝑁0.07 

Heat of combustion 24.600 kJ/kg 

CO yield 0,028 g/g 

Soot yield 0,194 g/g 

Figure 6-8: Fuel characteristics. 
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The new AST values are shown in the following table. The reference values of the original simulations 
are replaced by the following values. In all cases this will lead to an increase in fire safety. The maximum 
simulation time is 1800 seconds. Simulations where the criteria are not reached within the simulation 
time will generate the maximum simulation time as output. 

Input  Living room Corridor Bedroom 1 Bedroom 2 

Building Criteria Ref. New Ref. New Ref. New Ref. New 

Gallery flat 
AST-1 180s 350s 180s 310s 180s 310s 240s 410s 

AST-2 190s 1190s 230s 1800s 400s 1800s 1800s 1800s 

Apartment block 
AST-1 190s 360s 190s 320s 190s 340s 1800s 1800s 

AST-2 180s 1800s 220s 1800s 400s 1800s 1800s 1800s 

Table 6-2: AST values in reference situation (ref.) and with fireproof sofa (new). 

With the help of this data, the average time of the AST will increase. The reference value of the AST is 
replaced by the new average value per room. The variance (uncertainty) remains the same. 

 
Figure 6-9: Influence of fireproof furniture to reference situation. 

An analysis of the AST shows that in all cases the fireproof furniture contributes to greater fire safety. 
This measure has improved the conditions in the fire room and in the other rooms. The probability that 
a person will survive the fire has greatly increased. This means that this solution has a strong influence 
on fire safety. The measure does not have to affect the RST.   
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 Automatic windows 
The analysis of the current situation shows that the position of the windows influences the two AST 
scenarios. The windows of the other rooms mainly influence the escape scenario, but also influence the 
survival conditions in the other rooms. The position of the windows in the fire room only influence the 
survival conditions in the other rooms. The position of the windows has hardly any influence on the 
conditions in the fire room. This measure only affects the available safe time. 

With small technical adjustments, it is possible to have the windows open or close automatically in the 
event of a fire. Closing the windows in the fire room has a predominantly positive effect. In the other 
rooms, opening windows has a positive influence on the conditions in a room in the most situations.  
Because the position of the windows does not clearly influence the fire in every situation, several 
scenarios are investigated.  

Once again a distinction is made between the fire room and the other rooms. The activation of a smoke 
detector is used as a trigger to open or close the windows. A smoke detector safety level 1 is assumed 
with a probability of 100% working. After the trigger at 107 seconds, all windows in the room are 100% 
opened or closed. The following table shows the situations that are being investigated. 

Situation Windows fire room Windows other rooms 

1 Open Open 

2 Closed Open 

3 Open Closed 

4 Closed Closed 

Table 6-3: Configuration of windows. 

In the appendix there is an overview of the new AST values. The reference value of the room conditions 
will shift based on the new AST values. The uncertainty from the reference situation is used to use the 
new uncertainty. The uncertainty of the position of the windows is eliminated. This position of the 
windows is no longer uncertain in the new situation. This calculations can also be found in the appendix. 

 
Figure 6-10: Influence of automatic windows to reference situation. 
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 Automatic internal doors 
The position of the doors influences the room conditions. The door between the fire room in particular 
influences the room conditions in the other rooms of the building. The position of the doors has little 
influence on the conditions in the fire room. By keeping the door between the fire room and the traffic 
room closed, the survival time in the other rooms is extended. This measure only affects the available 
safe egress time. 

With small technical adjustments, it is possible to close the doors automatically in the event of a fire. 
The activation of a smoke detector is used as a trigger to open or close the windows. A smoke detector 
safety level 1 is assumed with a probability of 100% working. After the trigger at 107 seconds the door 
will 99,5% closed. The gap under the door, of approximately 2 cm, remains. The following table shows 
the situations that are being investigated. 

Situation Doors fire room Doors other rooms 

1 Closed Open 

2 Closed  Closed 

Table 6-4: Configuration of doors. 

In the appendix there is an overview of the new AST values. The reference value of the room conditions 
will shift based on the new AST values. The uncertainty from the reference situation is used to use the 
new uncertainty. The uncertainty of the position of the doors is eliminated. This position of the doors is 
no longer uncertain in the new situation. This calculations can also be found in the appendix. 

 
Figure 6-11: Influence to AST of automatic internal doors to reference situation. 

The analysis shows that the position of the inner door influences both the room conditions in the fire 
room and in the other rooms. The room conditions in the fire room are deteriorating. It will create more 
heat and smoke in the fire room. The conditions in the other rooms will improve. When the internal 
doors are closed, Depending on the location of the victim, this measure can contribute to increasing 
fire safety. 
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 Repressive measurements 
Repressive measures can only affect the RST-2 and both AST scenarios. Repressive measures never have 
an effect on RST-1. Repressive measures can only influence the AST if they are on site before the AST 
criteria are met. 

The two most important factors that can be influenced by repressive measures according the problem 
analysis in the reference situation, are the rescue time and the fire service response time. At the rescue 
time, uncertainty is the most important factor that influences the RST determination. With the fire service 
response time, the average value is the most important factor that can be influenced. 

The following measures are applied to reduce the fire service response time. 

• Area-specific response times 
• Day occupation of fire stations 
• Rapid intervention vehicle 

Applying area-specific response times is a recommendation that is mentioned in the ‘RemBrand’ report. 
In this study, the issue of response times was investigated. A day occupation at the fire stations is applied 
to one fire station in the safety region Brabant-Noord. Perhaps it can increase safety if this is applied to 
more fire stations. The use of Rapid Intervention Vehicles is done in various safety regions. It is used as 
a solution for various problems. This vehicle is used differently by different regions. 

The fire service normally carried out a rescue before they extinguish a fire. The idea is that a victim must 
go to a safe place as quickly as possible. In some cases it might be better to do something about the 
room conditions before a rescue is made. Sometimes it is necessary to go outside through rooms full of 
smoke and heat. It can happen that people are in a room where the conditions are better than in the 
room where they have to go outside. 

The following measures are applied to influence the rescue time uncertainty by the fire service. 

• Extinguish before rescue 
• Ventilate before rescue 

Room conditions are improved with these measures. Perhaps this can positively influence the AST. 
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 Area-specific response times 
The 'RemBrand’ report refers to area-specific response times. These will replace the response times per 
building function. The report includes a proposal for the response times for the first fire service unit. 

A "dominant character" is established for each area. The location of fire stations is determined based 
on that character. "Hot spots" within that area require special attention, but are not a reason to change 
the coverage plan. 

Risk 
level Dominating character of the area Response 

time 

1 

- Old inner cities (houses, buildings for self-reliant people such as hotels, offices, shops, 
public buildings, schools and industrial buildings) 
- Buildings for sleeping non-self-reliant persons (prisons, hospitals and nursing homes) 
- Porch houses and residential buildings higher than 20 meters 

4-10 min 

2 
- Normal houses 
- Buildings for self-reliant people (incl. Industry) 

7-13 min 

3 
- Scattered houses 
- Scattered buildings for self-reliant people (incl. Industry) 

12-18 min 

Table 6-5: Proposal for response times in bandwidth per risk level. [52] 

The intention is that the fire service will meet the target value of 7, 10 and 15 minutes respectively. 
Those are the average values of these bandwidths varying by 3 minutes. 

The elderly are a sensitive target group. Sometimes they are less self-reliant. In this study, this target 
group is considered risk factor 1. Risk factor 1 has an average response time of 7 minutes, which 
corresponds to 420 seconds. 

A bandwidth of 4 to 10 minutes is assumed. These deviate a maximum of 180 seconds from the average 
value. In this study we assume a 99% chance of success to be achieved within this bandwidth. A normally 
distributed probability is assumed. This means that the standard deviation will be around 60 seconds. 
See the appendix for the full calculation. 

The following figure shows the consequences in the average time and the variance of the response time 
of the fire service when applying area-specific response times. 

 
Figure 6-12: Influence of area specific response time to reference situation. 

The figure shows that the average response time is reduced by 25% compared to the reference 
situation. The variance is reduced by more than 75% compared to the reference situation. This both 
positively influences fire safety.  
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 Day occupation of fire stations 
Some fire departments make use of a day occupation. This is possible because there are people 
available during the day who are repressively trained. These people are busy during the day with all 
kinds of work around the fire station. This can be work on the vehicles or fire departments, but also 
office work.  

The turnout time can be shortened by deploying these people. The posts remain at the same location 
but the turn-out time is shorter during office hours. This means that the intervention time of the fire 
service is shorter during part of the day.  

The fire service works with time periods to be able to enter the daily occupation. These can differ per 
safety region. The following periods are used in safety region Brabant-Noord: 

• Day during the week from 8:00 a.m. to 5:00 p.m. 
• Day weekend from 8:00 a.m. to 5:00 p.m. 
• Evening or night 5:00 p.m. to 8:00 a.m. 

A year has an average of 261 workable days. A daily occupation of this is available for a period of  
9 hours. This means that an average of 2.349 hours a day occupation is available per year. A year has a 
total of 365 times a period of 24 hours, which corresponds to 8.760 hours. So a day occupation is present 
in approximately 27% of the total time in a year. 

The average turnout time can be reduced to around 90 seconds as was obtained from the 24-hour 
professional fire service. The turnout times of a 24-hour shift may be somewhat higher because they 
sleep at night and practice during the day.  

To determine the order of the vehicles to be alerted per location (fire station order table), we use the 
average turn-out time of a post in the ‘Care’ calculation system. The turnout time is the time from alarm 
to the status turnout. In this system, a daily occupancy is calculated with an average turnout time of 60 
seconds. The average turn-out time of 60 seconds will be applied to 27% of the turn outs by volunteers. 
A standard deviation of 15 seconds is used. 

This measure is based on the fire stations at the current locations. This means that the response time is 
influenced. The driving time and the reporting time remain the same. The full calculations of the 
consequences of introducing a day occupation can be found in the appendix. 

The following figure shows the consequences in the average time and the variance of the response time 
of the fire service when applying day occupancy by volunteer fire stations. 

  
Figure 6-13: Influence of day occupancy on response time to reference situation. 

The figure shows that the average response time is reduced by 8% compared to the reference situation. 
The variance is reduced by approximately 30% compared to the reference situation. This both positively 
influences fire safety.  
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 Rapid intervention vehicle 
The Rapid Intervention Vehicle (RIV) is a unit that can be on site quickly in the event of an incident. These 
are smaller vehicles with a limited occupancy, which are often used to solve, occupancy problems or an 
infrastructure problems, whereby a time saving is achieved in the event of an alarm. 

An RIV concept has been used in Denmark for some time. The purpose of the RIV in Denmark is to start 
as soon as possible with effective firefighting. The RIV turns out within 1 minute after an alarm and is 
alerted for every incident. In most cases, a voluntary fire service unit is also alerted, which follows the 
SIV within 4 to 5 minutes. The RIV is therefore not an independent unit, but is part of the team of the 
fire service unit. [78] 

Statics from Denmark show that over 85% of incidents can be solved by a RIV. In another 5% of the 
incidents, the RIV was able to stabilize the situation, after which the incident was further resolved by the 
tanker sprayer and other specialist vehicles. [78] 

In the Netherlands, various fire service regions are working on initiatives with variable vehicle occupancy 
and different types of vehicles. The following safety regions already have a RIV: Gooi- en Vechtstreek, 
Zuid-Limburg and Rotterdam Rijnmond. The RIV is used in different ways by the safety regions. 

This measure is based on a RIV on the existing fire stations. This RIV can turn out 24 hours a day in about 
60 seconds (with a standard deviation of 20 seconds). A RIV will have approximately the same travel 
time to an incident location. The occupation of a RIV can already carry out actions when they arrive on 
the fire location, there will always be extra fire service personnel a few minutes later. The rescue time 
remains the same. 

This mean a reduction of the response time and on the variances of the response time. An overview 
with calculations can be found in the appendix. The figure below shows the results of the influence of a 
rapid intervention vehicle on the response time.  

 
Figure 6-14: Influence of rapid intervention vehicle on response time to reference situation. 

The figure shows that the fire service response time can be reduced by more than 30% by applying this 
measure. It is a relatively expensive solution to be able to reduce the time. This measure requires a 
permanent occupation at the fire stations. With the introduction of this measure, these new vehicles will 
have to be purchased in addition to the standard vehicles.   
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 Extinguish before rescue 
The fire service usually carries out rescue operations before the fire is extinguished. Victims who are in 
immediate danger must be rescued quickly. This means that the victim is taken away and brought 
outside or to a safe compartment in the building. 

To be able to work safely, fire service personnel are taught a number of rules. These are described in 
the lesson and course material. An exploration must be done as safely and efficiently as possible. 
Rescuing humans and animals comes before the fire has been extinguished. The explore is always 
carried out by at least two people. Where possible, the greatest danger is removed and the normal 
access routes are used. Respiratory protection, hand lamps and possibly a crowbar must be used. A 
high-pressure hose is carried along and a safe retreat is always provided and all rooms around the fire 
location (or fire room) are explored. 

It may be better for the conditions in a building to first put out a fire and then save a victim. It is often 
assumed that victims can suffer from steaming. Steaming occurs when a fire is extinguished by the fire 
service, water is thrown on the fire. There is also a lot of smoke, because combustion is less complete. 
This can make a rescue more difficult. 

Extinguishing a fire before rescuing a victim influences the RST and the AST. The RST is being extended. 
This is no problem as long as the AST is extended more than the RST, then fire safety is positively 
influenced. The following figure shows the influence of fire extinguishing before rescuing. 

 
Figure 6-15: Influence of extinguish before rescue on RST-2 to reference situation. 

The AST is calculated by entering a new HRR on the reference situation. From the average new RST 
value of extinguish a fire, the HRR becomes 0. The results of the new AST calculation show that in this 
situation the adjustment does not affect the AST criteria. Many AST criteria are already achieved before 
the measure is applied. 

 
Figure 6-16: Influence to AST of extinguish before rescue to reference situation.  
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 Ventilate before rescue 
Also the effect of ventilate before rescue is investigated. Depending on the number of personnel and 
the available material, the time with which ventilation can be determined is determined. By quickly 
losing the smoke and heat, a rescue can be carried out faster. The survival conditions in a room will also 
improve. This will extend the AST. 

Extending the AST will only be effective if the AST criteria has not been reached. If the AST is extended 
more than the RST, this measure will have a positive effect on fire safety. The measure does not have to 
negatively influence the RST. It could have a positive influence on the RST. The rescue time can be 
shortened because the room conditions are better. The heat and smoke can leave the room while a 
rescue is being made. 

In the ideal situation, an occupation of a fire service unit consists of 6 firefighters. A commander, a driver 
and 4 firefighters. The 4 firefighters work in couples of 2 people. One couple can provide the ventilation 
options and the second couple can perform a rescue. A rescue vehicle can help with this. 

To determine the new AST, a RST for ventilation is determined. This is based on a RST in which the 
rescue time is replaced by ventilation time. The time required to ventilate is set at 5 minutes, which is 
equal to 300 seconds. A standard deviation of 1 minute is used, which equals 60 seconds. The full 
calculations can be found in the appendix.  

The time required for ventilation is set at 1.244 seconds. After 1.244 seconds the ventilation openings 
will be opened in the simulations. The large windows and doors will be used as ventilation openings in 
the simulation. These windows can be opened and the door can be forced. In the most ideal situation 
this is done from outside the apartment. 

 
Figure 6-17: Influence to AST of ventilate before rescue to reference situation. 

Although the figure above does not show that the measure contributes to increasing fire safety, this 
may be the case. In the current situation the AST criteria have already been reached before the measure 
is applied. If the AST criteria has not yet been reached, the measure will make a positive contribution 
to increasing fire safety. This can be seen in the appendix. Here you can see that the temperature will 
decrease and the amount of smoke will decrease. This can result in a longer survival time and a faster 
rescue. 
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7 Results and discussion 

In this chapter the results will be summarized and compared with each other. 

 RST-1 
The RST-1 scenario describes an independent escape. The detection time appears to be responsible for 
more than 80% of all problems. This is on average time and on uncertainty. 

 Results 
Two of the chosen measures contribute to improving the RST in the case of an independent escape. 
These are increasing the smoke detector density, or applying different levels of smoke detector safety. 
The influence of the measures on RST scenario 1 is shown below. 

 
Figure 7-1: Influence of measures to RST-1 compared with reference situation. 

The figure shows that all measures have a positive influence on fire safety. The increase in smoke 
detector density contributes in particular to reducing uncertainty. The average value only decreases a 
few percent. The application of different levels of smoke detector safety contributes the most to 
shortening the average time and reducing uncertainty. The difference between level 1 and level 2 is the 
biggest. Smoke detector level 1 and a smoke detector density of 100% have an equal effect. 

 Discussion 
Applying smoke detector safety level 3 seems the most effective. It is necessary to place several smoke 
detectors for this. In every traffic area and in the living areas. For this it is also necessary to place a heat 
detector in the bathroom and kitchen. 

When applying smoke detector safety level 2, only a small amount is compromised on fire safety. This 
measure is much easier to apply and a lot cheaper. For this measure it is only necessary to install extra 
smoke detectors in the living room and bedroom. However, it is necessary that these smoke detectors 
are interconnected. 

Building regulations could contribute to increasing fire safety. In the building regulations, a smoke 
detector can be made mandatory in every room where people stay, such as the living room and 
bedroom. This means that the owners of buildings have to invest extra money. At the moment only a 
smoke detector in the traffic area is mandatory.  
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 RST-2 
The RST-2 scenario describes a scenario in which a person cannot flee independently. An intervention 
is therefore necessary. Currently, the fire service is the only service that can perform an intervention for 
independent living persons. The RST-2 problem analyzes show that more than 80% of the problems are 
caused by the detection time, fire service response time and the rescue time. 

 Results 
The new measurements are related to improve the fire safety in the detection time, fire service response 
time and rescue time. Beside an intervention by the fire service, an intervention by neighbors or citizens 
has also been investigated, which can shorten the rescue time. The influence of the different measures 
compared to the reference situation of RST-2 is given in the following figure.  

 
Figure 7-2: Influence of measures to RST-2 compared with reference situation. 

The graph shows that not every measure shortens the RST. This does not have to be a problem, as long 
as the AST is increased more than the RST. Increasing the smoke detector density and applying smoke 
detector safety level 2 or level 3 ensures less uncertainty and a shorter average time. This is a relatively 
simple measure with a relatively high impact. 

By involving the neighbors or citizens from the area, a lower average value and less uncertainty can also 
be achieved in the RST-2. These two measures are the most effective in the current situation. Repressive 
measures have less effect. Some even lead to a negative impact on RST-2. Switching to area-specific 
arrival times or deploying a rapid intervention vehicle are the most effective repressive measures. 
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 Discussion 
Increasing the smoke detector level of safety and increasing the smoke detector density has already 
been discussed in the analysis of RST-1. Also in this case, adjusting the building regulations can 
contribute to increasing fire safety. 

Increasing the smoke detector level of safety assumes a smoke detector density of 100%. However, in 
practice it appears that this has not yet been achieved. If you want to increase the level of safety, the 
smoke detector density will also have to be increased. 

In the Netherlands, much attention is already being paid to increasing the smoke detector density. 
Previous investigations also indicate the necessity of installing smoke detectors. Placing smoke 
detectors in the bedrooms and in the living room is less common in the Netherlands. A relatively simple 
measure that can make a big difference in the speed with which a fire is detected. 

The added value of an extra heat detector in the bathroom and in the kitchen has not yet been proven 
in this study. The effect does not outweigh the expected result. Perhaps that can be different when a 
fire is simulated in the bathroom or in a separate kitchen. This has not been investigated in this study. 

The use of alternative interventions can be more effective than merely applying repressive measures. 
This is new for the fire service in the Netherlands. This solution is already being applied on a small scale 
in the Achterhoek, but is still at the start of developments. The ambulance and police have been working 
for a longer time and on a larger scale with the deployment of citizens who provide assistance. 

There will need to be carefully considered what an individual or neighbor for action can carry out without 
a big risk for his own safety. Neighbors and citizens can in any case contribute to detect a fire at an early 
stage, without direct notification to the fire service. In addition, in some cases, they can perform a rescue 
or extinguishing a fire. The measure fits in well with government policy, where they want to encourage 
people to take more care of each other instead of becoming dependent on government care. 

Switching to area-specific response times will contribute a little to shortening the required safe time. 
Because the response times of the fire service are only part of the total required safe time, the effect is 
only small. With area-specific response times, the building user clearly knows what can be expected 
from the fire service. When a building is outside a certain area, it can take additional measures to 
compensate for the extra response time. 

Deploying a day's occupation at fire stations will slightly shorten the average time and increase 
uncertainty. Because the average response times during the day are different from the evening hours, 
greater uncertainty will arise. Because an occupancy is only present in approximately 27% of the time, 
the effect will be limited. 

The use of an RIV has a greater effect. However, this is a relatively expensive solution. This means that 
there must always be a permanent occupation of two people. This can be supplemented with additional 
equipment and voluntary firefighters. Rapid intervention vehicles are already being used in some places 
in the country. This is done in a different way at every location. This solution will be particularly effective 
in larger cities. 

Predicting the speed at which a rescue can be performed is difficult. This depends on many factors, 
which is why it is difficult to find a clear solution for this. Normally the fire service first performs a rescue 
before it starts extinguishing the fire or ventilating the building.  

You can also choose a different order by first venting or extinguishing before rescuing. This is often not 
chosen because extinguishing causes steam and ventilation could increase the fire. As can be seen from 
the results, this will not shorten the required safe time, but this may contribute to increasing the safe 
available time. 
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 AST-1 
In AST-1 the available safe time is determined as safe time to be able to flee independently. The AST-1 
is determined by the time a criteria is reached. Three criteria have been defined for a safe escape 
attempt. These are visibility length, radiation heat and convective heat. The visibility length is 
determined by the amount of smoke in a room. 

In the fire room, more than 80% of the problems are caused by the time constant. In the other rooms, 
more than 80% of the problems are caused by the configuration of interior doors or windows in the 
other rooms. 

 Results 
The AST-1 is determined based on the fractional effective concentration of smoke, radiation heat and 
convective heat. 

Fireproof furniture is used to influence the time constant. The use of fireproof furniture is delayed by 
the time constant. The influence of opening and closing doors and windows is also being investigated. 
This is done in different configurations. 

New simulations are carried out with the application of the new measures. As a result, new values are 
calculated for the AST-1 per room. The new AST-1 values are compared with the AST-1 in the reference 
situation. The AST-1 results are displayed per room in two different graphs. A graph shows the results 
of the simulations in the gallery flat and the second graph shows the results of the apartment block. 

 
Figure 7-3: Influence of measures to AST-1 compared with reference situation in gallery flat. 
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The use of fireproof furniture leads in all cases to a positive contribution to the AST-1 in the gallery flat. 
The AST has almost doubled, particularly in the fire room. 

The different configurations of the windows have only a limited influence. The results for opening and 
closing windows are not clear. Sometimes a position of the doors in one room is advantageous and in 
another room is detrimental to AST-1. 

The position of the doors can lead to a larger AST in the rooms that are separate from the fire room. 
When a door is closed, this leads to a larger AST in the other room. This means a smaller AST in the 
fireroom. The AST in the fire room is only a few seconds shorter, in the other rooms the AST is increased 
relatively strongly. This happens in particular in the scenario where all inside doors are closed (doors 2). 

The repressive measures do not lead directly to a different ASET. This is because the AST criteria have 
already been achieved before the measures are applied.   

 
Figure 7-4: Influence of measures to AST-1 compared with reference situation in apartment block. 

The results of this analysis are comparable with the analysis of the gallery flat. Most of the results are 
very similar. Fireproof furniture has the greatest influence in all rooms. The position of the windows has 
relatively little influence. The position of the doors only has a major influence in the other rooms. 

What is different in this graph is that doors 1, a closed door between the corridor and the fire room, 
have a negative influence in the other rooms. The AST in the corridor and the bedroom-1 has become 
smaller. 

The influence of windows 4 is also negative in all rooms. In the other simulation, this measure had a 
small positive influence. But the differences are relatively small, so the influence is limited. 
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 Discussion 
The analysis shows that the use of fireproof furniture is the only measure that significantly improves the 
conditions in the fire room. Fireproof furniture has been used in the United Kingdom for some time. In 
the Netherlands, this could also contribute to increasing fire safety.  

Burning inventory causes rapid smoke and fire spread. Innovations in the field of fire safety of furniture 
and mattresses are fast. However, it must become attractive for manufacturers or users to produce or 
purchase fireproof furniture items. In the Netherlands, fireproof furniture is stimulated without flame 
retardants. The use of flame retardants will cause a fire to develop less rapidly, but may increase the 
emission of hazardous substances. 

For producers it can be a product that sets them apart from the other producers. For consumers it can 
be attractive if they see the advantage of fireproof furniture. The purchase price will play an important 
role in this. When it is more expensive to buy fireproof furniture than normal furniture, this will become 
less attractive for many consumers. The government can influence the application of fireproof furniture 
with legislation and regulations. 

In the Netherlands, we have been aware of the fact that open doors influence smoke distribution for 
some time. There is already a campaign where it is promoted to close the interior doors. The leakage 
of the internal door will determine how much smoke is spread through the apartment. Often there is an 
opening under the door to allow the mechanical ventilation to work properly. In the event of a fire, this 
will cause the smoke to spread. 

Closing the internal doors can increase fire safety in particular in the rooms that are separate from the 
fire room. A technical solution that does this automatically can help. However, this is a relatively 
expensive adjustment that will not be made mandatory in the building regulations, this can be an 
optional preventive provision. 

The position of the windows seems to have a limited influence on the room conditions. Only in window 
configuration 4 (all windows closed) is it clear that this will shorten the available safe time in  
bedroom 2. This can be explained by the fact that buildings are now well insulated. When there is a 
greater pressure in the fire room, the smoke will spread quickly through the building. If there are no 
ventilation options in the other rooms, the smoke concentration will quickly grow to dangerous values. 

A combination of fireproof furniture, smoke detector level 2 and automatic closing doors would be the 
most ideal solution. 

A different approach of the fire service, by first extinguishing or ventilating before carry out a rescue, 
has no effect in the current case. This is because the AST-1 criteria have already been achieved before 
the measure is applied.  

An analysis of the temperature and amount of smoke shows that the measure has a major effect. In the 
appendix is given an analysis of the room conditions when this measures are applied. Ventilation in 
particular causes a decrease in temperature and amount of smoke. This can be a solution for 
compartments where the AST-1 criteria have not yet been reached. In this simulation this solution has 
no effect anymore, but that does not mean that this solution never has an effect. 

The IFV is investigating the smoke spread in the event of a fire. For this, practical experiments are being 
conducted in a large care complex in Oudenwater. The aim of the research is to look at fire prevention 
facilities and determine deployment tactics for the fire service. This study also examines the effect of 
closed interior doors. The experiments were conducted in June and July of 2019. The results of the 
investigation are expected two years later.  
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 AST-2 
In the AST-2 scenario, the available safe time is determined by the time required to perform an 
intervention. In the current situation, only the fire service can perform an intervention in the event of a 
fire. 

The AST-2 criteria are somewhat less strict, because a person does not have to go outside 
independently. The condition is that the person survives a fire without lasting damage to health. Three 
criteria have been defined for surviving. These are fractional effective dose of carbon monoxide, 
fractional effective dose of heat and a minimum oxygen concentration.  

In the fire room, more than 80% of the problems are caused by the time constant. In the other rooms, 
more than 80% of the problems are caused by the configuration of interior doors or windows in the 
other rooms. 

 Results 
The same measures as in AST-1 are investigated to AST-2. New simulations are carried out with the 
application of the new measures. The AST-2 is determined based on the fractional effective dose of 
heat, carbon monoxide and a minimum oxygen percentage. 

As a result, new values are calculated for the AST-2 per room. The new AST-2 values are compared with 
the AST-2 in the reference situation. The AST-2 results are displayed per room in two different graphs. 
The first graph shows the results of the simulations in the gallery flat and the second graph shows the 
results of the apartment block. 

 
Figure 7-5: Influence of measures to AST-2 compared with reference situation in gallery flat. 
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The results show that the fireproof furniture is the most effective measure. This measure extends the 
AST-2 in the fire room and in the other rooms. The other measures only have a major effect on the other 
rooms. 

The position of the interior doors influences the AST-2 in the other rooms. The position of the interior 
doors has hardly any influence on the AST-2 in the fire room. Other measures have almost no influence 
on AST-2. 

The figure below shows the influence of the measurements to AST-2 in the apartment block.  

 
Figure 7-6: Influence of measures to AST-2 compared to reference situation in apartment block. 

The results of this analysis are comparable with the analysis of the gallery flat, and the results of the 
analysis of AST-1. Fireproof furniture has the greatest influence in all rooms. The position of the windows 
has relatively little influence. The position of the doors only has a major influence in the other rooms. 

Where the results differ is the analysis of the windows. In bedroom 2 in particular, AST-2 is extended 
when the windows are open in the room. This can be caused by the relatively large windows in this 
bedroom, this allows the heat and smoke to be removed. 

 Discussion 
The results are comparable with the results of the analysis of AST-1. This is easily explained because the 
room conditions are determined by the smoke distribution in the apartment. The room conditions for 
the survival of a fire are somewhat less strict than those for the escape criterion. That is why in some 
cases the AST-2 equals the maximum simulation time. 
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The use of fireproof furniture also appears to be an important factor in the AST-2. Fire safety is positively 
influenced in all cases by using fireproof furniture. In all situations, the available safe time for surviving 
is extended until the end of the simulation time. The use of fireproof furniture is the only measure that 
makes a substantial contribution to increasing fire safety in the fire room. 

As discussed in the AST-1 discussion, it is important that no fire retardants are used in this furniture. The 
use of flame retardants can cause the formation of toxic substances, which will shorten the available safe 
time. 

The influence of the windows is limited and not always the same. The results of the position of the 
windows give varying results. The one time is extended in a configuration, the other time shortened. 
The influence of the position of the windows is very uncertain.  

With the effect of the outdoor conditions is not varied in the simulations. However, these can influence 
the ventilation openings. This can, for example, be influenced by the outside temperature, the wind 
speed or the humidity. It is difficult to predict what the environmental conditions will be, this can be 
different at any time. 

Opening windows ensures that extra oxygen enters the room. This can ensure that there is more fresh 
air for people in the room, but can also ensure that the fire develops faster. In addition, open windows 
can ensure that smoke is discharged to the outside, which will reduce the concentrations of hazardous 
substances in the room. 

The fire service often only uses windows and doors to open when the fire is being controlled. This allows 
smoke, steam and heat to be removed from the room. By ventilating only when water is thrown on the 
fire, a fire will not be able to develop further. 

For AST-2, the position of the interior doors also has a major influence. Where the role of the doors at 
AST-1 was still limited, the influence of the position of the interior doors at AST-2 is very large. But this 
only applies to the other rooms. The position of the interior doors has little influence on the AST in the 
fire room. This effect has already been demonstrated in other studies. 

Another tactic for the fire service in this study does not provide a direct result for the available safe time. 
This can be explained simply by the fact that all criteria have already been met before the measure is 
applied. In the appendix, the room conditions based on temperature and smoke concentration are 
further analyzed. From this it can be seen that the measure has a positive influence on the room 
conditions. 

If it took longer for the AST criteria to be achieved or the measure is applied more quickly, it could be 
effective. In this study, the criteria are reached quickly, because the door to the corridor is open in the 
reference situation and the fire is simulated in a relatively small apartment. 

If you are dealing with a senior complex with a larger central corridor and the interior doors are closed, 
it can be effective to first extinguish a fire or ventilate before a perform a rescue. This prevents a person 
from being brought outside through a room filled with smoke. This is very dependent on the situation. 
As a result, a choice must be made per situation to determine what is most effective in that case. The 
research of the IFV in Oudewater can contribute to new knowledge development on this subject.  
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 AST-RST 
A new AST-RST comparison can be made to determine the chance of success after applying the 
measures. This analysis will be made of the most effective measure that has been found to increase the 
AST. This is the application of fireproof furniture. The probability distribution for the success of an AST-
RST comparison is shown in the graph below. The new situation is given in the colored line. The analysis 
is made in the living room (fire room) of the gallery flat. 

 
Figure 7-7: AST-RST in reference situation and with fireproof furniture. 

The analysis shows that both lines have shifted to the right. This means that fire safety has been 
increased compared to the reference situation. However, there is still a lot of uncertainty in AST-2. 

In the following analysis, the measure of fireproof furniture is combined with a possible intervention by 
the neighbors. The analysis has been made again of the living room in the gallery flat. 

 
Figure 7-8: AST-RST in reference situation and with fireproof furniture and reporting neighbors. 

This graph shows a good balance in the AST and RST. An acceptable safety margin has been created 
by applying the measures. Because the results in the living room had the most room for improvement 
in the reference situation, this room is used as the most important for improvement. If the situation in 
this room has improved, the condition in the other rooms will only get better. The appendix contains an 
overview of the calculations made to make this analysis. 
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 General discussion 
The research was conducted with the help of literature, statistics and simulations. No practical 
experiment has been conducted for this study. It appears to be difficult to be able to properly simulate 
the fire behavior, because this depends on many factors. At the moment, much research is still being 
done into the fire development and fire behavior.  

This research is limited to the flight safety of people in the event of a fire. This does not include material 
damage or financial consequences. The consequences of affecting the building constructions are 
therefore not included in the determination of the room conditions. It is assumed that this only occurs 
after the limit values set in the study have already been reached.  

This study is based on a fully developed fire (a worst case scenario), which means that a realistic situation 
can be safer. The study simulates a fire development that will develop into a flashover, a complete room 
in fire. In practice it will often happen that this phase is not reached or that it takes longer before this 
phase is reached. It has decided to investigate a fully developed fire because this involves the most 
casualties. The effect of new measures is also most clearly visible on a fire developed into a flashover. 
The fire development is not representative of every residential fire, but it is suitable for investigating 
new measures. 

In performing the simulations, a ventilation-controlled fire occurs in many cases. To be able to determine 
the room conditions, each simulation is performed twice. The fire development is determined with the 
first simulation. This fire development (HRR) from the output in the first simulation is used as new input 
to determine the room conditions. It is necessary to perform the second simulation in order to determine 
the correct emissions from the combustion. A different soot-yield, CO-yield and CO2-yield is used in a 
ventilation-controlled fire. 

In practice, fires do not exactly match each other due to the influence of external factors. These external 
factors are, for example, the ambient temperature, wind speed, and humidity. No variation was applied 
to this in this study. The fire development is also influenced by building characteristics. Only a few 
building characteristics were used as a parameter in this study. Many more are possible. It has been 
decided to only investigate the parameters that may possibly be influenced by preventive or repressive 
measures.  

C-FAST was used in this study to determine the AST values. In the rooms that are in open connection 
to the fire room, a two-layer model is used. A mixed situation is considered in the other rooms, who 
have no open connection to the fire room. In some cases, this can lead to criteria that are achieved 
sooner in a mixed situation than in a two-layered situation. This depends on the layer height and the 
height at which the measurement is made. In a real situation it can also occur that there are large 
differences in the room conditions in the upper and lower layer. With each simulation it was checked 
whether the results were realistic. 

The study uses two different limit values, these are AST-1 (based on an independent flight attempt) and 
AST-2 (based on survivability). Traditionally, only AST-1 criteria are used. It is not desirable for a building 
user to suffer health damage. An AST-2 scenario is being investigated, in which health damage can 
occur, provided that a building resident survives a fire. In this, the investigation differs from other 
investigations. 

It was decided to compare an intervention of the fire service with the survival criteria. This is done 
because the chance of failure of an intervention of the fire service cannot be properly determined on 
the basis of AST-1. By equating the intervention of the fire service with the survival criteria, the 
probability of success of an intervention by the fire service is calculated in a realistic way. This takes into 
account the sensitivity of an older target group, although this can vary greatly per person. The most 
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desirable would be that all persons can flee independently, but this is not always realistic for an older 
target group. 

The results from the problem analysis are consistent with the results from previous studies. There is 
great uncertainty about the detection time of a fire. That rapid detection of a fire is important is also 
described in earlier investigations. 

The rescue time of the fire service and the response time or the fire service are only part of the total 
required time. They strongly influence the total required time for an intervention. However, it is not 
realistic to reduce these times to almost zero. That is why various alternative interventions are being 
investigated in the study. 

The research has only investigated measures that influence the various parameters that are indicated in 
the problem statement. Many other measures are possible that are not mentioned in the study. For 
example the effects of an automatic sprinkler system. These measures influence various parameters and 
the effects are discussed in detail in earlier studies. 

Statistics that are used are mostly from the IFV. This is an independent organization that develops 
knowledge in fire safety. However, it is known that few statistics are available in the Netherlands about 
fire safety. Many investigations are done on the basis of estimates or interactions by fire service 
personnel. This sometimes makes the data less reliable. A lot of data has therefore been compared with 
international research. Only the most reliable results were used in the study. 

The data from safety region Brabant-Noord was used to investigate the intervention of the fire service. 
The working area of the safety region fire service covers an area of 138.791 hectares and has 
approximately 624.000 inhabitants. There is only one professional fire station and 39 voluntary fire 
stations. The region has a lot of countryside, but is quickly urbanized around 's-Hertogenbosch. The 
data used is less representative of the large urban areas. The infrastructure there is different and safety 
regions in urban areas are working with more professional fire stations. 

Because many parameters have to be supplied, the central limit theorem is applied. This assumes a 
normal distribution. The time constant is a dominant factor in the fire room. This is also logical because 
the time constant determines the speed through which the room conditions are influenced. In the other 
rooms, the position of the doors is a dominant factor. This is supported by previous investigations to 
the smoke distribution in buildings. 

A number of assumptions are made to investigate the effectiveness of new measures. The assumptions 
are made, for example, about the arrival time of volunteers and neighbors. These assumptions are based 
on similar measures in other investigations. The possibilities, feasibility and costs of the new measures 
were discussed in a limited way in this study. Further research is needed to determine the feasibility of 
the various measures. 

A number of measures can lead to changes in the regulations. It will have to be thoroughly investigated 
what the consequences and effects are of adjusting the regulations. Running campaigns can make 
people aware of dangers and possible measures. If people are aware of the dangers and know what 
measures they can apply themselves, this can be encouraged. Yet fire safety remains unimportant for 
many people. The chance of a fire seems small and the measures often cost a lot of effort or money. 
With the help of regulatory changes you can force people to take measures. 

Preventive measures that reduce the risk of fire are not investigated in the study. However, these 
measures can contribute to increasing fire safety among the elderly. The IFV has previously conducted 
research into the risk factors among the elderly in relation to fire safety. In this investigation, the 
probability of fire is the same in all cases. Only the effects of a fire and the possible measures were 
investigated.  
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8 Conclusions, recommendations and further research 

This chapter will further discuss the conclusions, recommendations and issues that need to be further 
investigated. An answer will be given to the research questions. 

Two specific cases were investigated in this study. To make the most realistic approach possible,  
a number of uncertainties have been included in these cases. A fire development is difficult to predict. 
In this study we have assumed a strong fire development that will proceed to a flashover.  

In practice, not every fire will develop into a flash-over. As a result, it may happen that more time is 
available in a real situation than indicated in the study. In the event that a fire develops strongly to  
a flash-over, the chance of survival is the least, so it was decided to investigate this. This means that the 
selected criteria are reached quickly. In a real situation, it may take longer for the criteria to be reached. 
This means that it can be safer in a real situation that is indicated in the study. It is therefore important 
to read the previous chapters to know how the conclusions were reached. 

 Conclusions 
In this study, a literature study was first carried out into the elderly in relation to fire safety. The most 
important conclusions from this study are: 

• The number of elderly people will increase, the number of elderly people who become victim of  
a fire will increase if no additional fire safety measures are taken. 

• People who live independently have the greatest risk of becoming a victim of a residential fire. 
• Older people are more sensitive to the effects of heat and smoke spread. 
• The smoke detector density among the elderly (65%) is less large than among an average  

population (70%). 
• Smoking products are the most common cause of fires in the elderly. Most fires occur in the living 

room or kitchen. 
• The elderly have a reduced effect of the senses. This makes them less likely to notice a fire. 
• Older people are often less mobile, which means they are less likely to flee independently. 
• The elderly have a greater chance of cognitive impairment. This means it takes longer before they 

respond to a fire. 
• The intervention times set by the fire service are only achieved in 50% to 60%. 
• Most rescues are carried out in portion flats, this is caused by the smoke and heat spread in the  

traffic areas. 
• The fire service response time in an area with professionals is on average more than 100 seconds 

faster than in an area with volunteers. 

This study uses an AST and RST analysis. Fire safety can be increased here in various ways. Increase the 
average value of the AST, decrease the average value of the RST or reduce the uncertainty.  
The following conclusions are related to the required safe time: 

• The detection time is the most important factor by variances (96%) and average value (73%)  
to RST-1 (independent escape). 

• The rescue time (46%), detection time (38%) and fire service response time (14%) are the most 
important factors by variances to RST-2 (Intervention).  

• The fire service response time (43%), rescue time (28%) and detection time (20%) are the most 
important factors by average value to RST-2.  

• Increasing the smoke detector density has a positive influence on fire safety. This influences the 
average detection time. 
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• Increasing the smoke detector safety level 1 to level 2 or level 3 has a strong influence on the 
detection time. It can shorten the average value of RST-1 by more than 50% and it can shorten the 
average value of RST-2 by more than 30%. 

• Alerting neighbors can in some cases lead to a quick intervention by the neighbors (32%). Alerting 
neighbors can cause a shorter detection time without every report being reported directly to the 
fire service. This prevents many empty reports to the fire service. It reduced the RST-2 with almost 
40%.   

• Alerting civilians can also in some cases lead to a quick intervention by the civilians (15%). Alerting 
neighbors can cause a shorter detection time without every report being reported directly to the 
fire service. This prevents many false alarms to the fire service. It reduced the RST-2 with  
more than 20%.   

• A daily occupation of all fire stations on working days will lead to a reduction of approximately 5% 
of RST-2. 

• The use of a rapid intervention vehicle (RIV) will lead to a RST-2 reduction of 14%. 
• By extinguishing before rescuing, the RST-2 will increase by 20%. 
• Ventilation can be done in parallel to saving victims, so this does not affect RST-2.  

The following conclusions are related to the available safe time: 

• A fire in the simulated buildings is quickly controlled by ventilation. This will increase the soot yield 
and CO yield. As a result, the AST criteria will be reached faster. 

• The chance to flee independently is the smallest in the fire room. The time constant is the most 
important factor here. 

• The chance of survival a fire is the smallest in the fire room. The time constant is the most important 
factor here. 

• Fireproof furniture influences the time constant and greatly increases AST-1 (escape conditions) and 
AST-2 (surviving conditions) in the fire room. This is the most effective measure that has been 
investigated to increase AST-1 and AST-2 in the fire room. 

• Fireproof furniture influences time constant and increases AST-1 in the other rooms. This is the most 
effective measure that has been investigated to increase AST-1 in the other rooms. 

• The position of the interior doors strongly influences the AST-2 in the other rooms, closing interior 
doors is the most effective way to increase AST-2 in other rooms. 

• The door between the fire room and the corridor has the greatest influence on the AST-1 and  
AST-2 in the other rooms. 

• The AST-1 and AST-2 is often much larger in the bedrooms than in the corridor. Sometimes this can 
mean that it is better for a person to stay in a bedroom than to go outside through the corridor. 

• The position of the windows in the other rooms has a strong (more than 30%) influence on the  
AST-1 in the other rooms. The impact on AST-2 is limited (only 10%). 

• The effect of automatic opening and closing of windows on AST-1 and AST-2 is limited and not 
always the same. This is highly dependent on the type of building. 

• Extinguishing before rescuing has no influence on AST-2. In other situations this can have an 
influence because the amount of heat and smoke decreases quickly if this fire is extinguished. It is 
important that the AST-2 criteria are not yet achieved when the measure is applied. 

• In the cases studied, ventilate before rescuing has no influence on AST-2. In other situations this can 
have an influence because the amount of heat and smoke decreases quickly if the ventilation 
openings are created. It is important that the AST-2 criteria are not yet achieved. The amount of 
heat and smoke decreases faster with this measure than with extinguishing before rescue. 
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The following conclusions are related to an analysis to the available safe time and the required safe 
time: 

• The chance of a successful independent escape attempt (RST-1) is smallest in the  
living room (AST-1). 

• The chance of a successful independent escape attempt (RST-1) is greatest in the bedrooms  
(AST-1). 

• The chance of success in the reference situation is about 30% for AST-1-RST-1 in the living room 
and about 0% for AST-2-RST-2 in the living room. 

• The chance of success in the reference situation is about 30% for AST-1-RST-1 in the corridor and 
about 30% for AST-2-RST-2 in the corridor. 

• The chance of success in the reference situation is about 25% to 45% in bedroom-1 for  
AST-1-RST-1 and about 33% to 36% in bedroom-1 for AST-2-RST-2. 

• The chance of success in the reference situation is about 48% to 65% in bedroom-2 for  
AST-1-RST-1 and about 64% to 69% in bedroom-2 for AST-2-RST-2 

• The use of fireproof furniture increases the chance of success of AST-1-RST-1 from 0% to more than 
90% and the chance of success of AST-2-RST-2 from about 30% to almost 100%. 

• The use of fireproof furniture in combination with reporting to the neighbors increases the chance 
of success of AST-1-RST-1 from 0% to almost 100% and the chance of success of AST-2-RST-2 from 
about 30 % to almost 100%. 

The conclusions apply to the two cases studied. A number of uncertainties have been included in these 
cases. In other buildings or with a different fire development, the probability distribution may be 
different. 

 Research questions 
Based on the conclusions, an answer can be given to the research questions that were drawn up at the 
start of the research. 

What is the influence of preventive measures on the fire safety of residential buildings by 
aging people? 
Preventive measures have a major impact on fire safety. The addition of preventive measures has a 
positive influence on fire safety. A relatively simple measure that is to increase the smoke detector 
density. Although smoke detectors are mandatory under the Building Decree, only 65% of the elderly 
have a smoke detector. Increasing the smoke detector density to 100% would contribute to increasing 
fire safety. A smoke detector in the traffic area is mandatory. An additional smoke detector in the living 
room ensures greater probability on a working detector and a shorter detection time. 

Closing interior doors prevents rapid smoke and heat spread. This makes the room conditions in the 
rooms that are separated from the fire room longer acceptable.  

The use of fireproof furniture ensures that a fire does not develop as quickly as with non-fireproof 
furniture. This makes the room conditions both in the fire room and in the other rooms longer 
acceptable. This means there is more time available for safe escape or carrying out an intervention. 

A completely new solution could be the deployment of neighbors or civilians. In some cases, they can 
perform rapid intervention or ensure that a fire is reported quickly. This prevents a fire alarm from being 
automatically reported to the fire department. This is not desirable because it will result in many empty 
reports. Neighbors or civilians can conduct a reconnaissance within a short time and if necessary report 
a fire. In some cases they can perform an intervention. 

The ambulance has been using civilian assistance for some time. This is a completely new approach for 
the fire service. The idea originated in the Safety Region Noord- and Oost- Gelderland and is called 
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“Langer thuus!”. Experiments are currently being conducted with this measure. This will have to be 
further developed in the future. It will have to become clear what is, and what is not, expected from a 
civilian counselor. Extra attention must be paid to persons that providing assistance becoming victim of 
a fire. The role of a civilian assistance worker can be seen as that of an internal emergency response 
person. 

Deploying the neighbors is the most effective measure that has been investigated to influence the 
required safe time. The use of fireproof furniture is the most effective measure to increase the available 
time in the fire room. Closing interior doors is the most effective measure to increase the available safe 
time in rooms other than the fire room. A combination of the measures will be most effective. 

What is the influence of the intervention time of the fire service on the fire safety of 
residential buildings by aging people? 
The intervention time is only a part of the complete required safe time. The intervention time is 
determined by the alarm time, turn-out time, drive time and rescue time. The fire service response time 
is a combination of the alarm time, turn-out time and drive time. The options for reducing the RST with 
repressive measures are therefore limited. With repressive measures only RST-2 can be influenced. 

The current Dutch Safety Regions Decree contains standard response times for setting up basic fire 
service care. Only in 50% to 60% this response times are met. Approximately 20% of all the firefighters 
are professionals and 80% are volunteers. The fire service response time in an area with professionals is 
on average more than 100 seconds faster than in an area with volunteers.  

Area-specific response times can provide more realistic response times. The chance that response times 
are achieved is greater if this is indicated per area. Buildings outside this area can then take additional 
measures if they pose a risk. Area specific response times will reduce the average value of AST-2 with 
more than 10%. Also the uncertainty is reduced with more than 10%.  

A daily occupation of the fire stations is a relatively simple solution. The fire stations can be staffed by 
personnel who are working for the fire service in daily work. From the fire stations, work is done on 
weekdays. The turn-out time will be reduced to 1 minute. The AST-2 is reduced by only 4%.  
The uncertainty will increase when this measure is applied.  

Rapid intervention vehicles are also a possible option to reduce the response time. This solution will 
reduce the average value to almost 15%. But this solution is based on an occupancy of two professional 
fire fighters per fire station. This is based on the current fire stations in the region. This is an expensive 
solution. The two firefighters must be present 24 hours a day, 7 days a week and special vehicles must 
be provided. The effect seems limited. 

At present, the rule with the fire service is that a rescue is first carried out before extinguishing a fire.  
It is investigated what the effect is if this is reversed. Extinguishing before saving causes the RST-2 to 
increase by 20%. This does not have to be a problem if the AST-2 increases more than the RST-2.  
This is not the case in the cases studied. 

An analysis shows that after extinguishing the fire, the heat and smoke decrease, which positively 
influences the room conditions. In the invested cases the AST-2 is already achieved in many rooms 
before the measure is applied. As a result, this measure has no effect to the AST-2 in these cases. It may 
happen that in other cases this does have a positive effect. The ventilation measure for extinguishing 
has also been investigated. This does not necessarily lead to an increase in RST-2. Ventilation can be 
performed parallel to rescuing. In the cases studied, ventilation before extinguishing has no effect on 
AST-2. 
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The room conditions also appear to improve greatly when ventilating before rescuing. This measure 
ensures that the room conditions improve even faster than during the fire extinguishing before the 
rescue. This measure has no effect in the cases studied. In other cases this may be different. 

A comparison with the preventive and repressive measures shows that preventive measures are more 
effective than the repressive measures. It is nevertheless important to focus on repressive measures. 
The fire service will always remain necessary to be able to carry out an intervention. Repressive measures 
only make sense if there is a good balance between preventive and repressive measures.  
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 Recommendations 
A number of recommendations can be made from the conclusions of the study.  

 Smoke detectors 
This investigation has demonstrated the importance of rapid detection of a fire. A smoke detector is a 
relatively simple device for quickly detecting a fire. The building decree states that a smoke detector in 
the traffic area is mandatory in new-build homes. 

Increasing the smoke detector density will lead to greater fire safety. Promoting information campaigns 
for placing smoke detectors can lead to an increase. The fire service or municipality can help with placing 
smoke detectors by the elderly. Requiring smoke detectors in existing buildings can contribute to 
increasing the smoke detector density. Promoting innovations in the field of rapid fire detection and 
reporting will contribute to new developments in the field of (smart) smoke detectors. 

Making a coupled smoke detector mandatory in the living room and bedroom will result in a shorter 
detection time. The probability on a working smoke detector is greater and the chance that a person 
will be alerted is greater. A relatively simple measure that is effective. Certainly with older people, an 
extra smoke detector will ensure that a signal is detected faster. 

The increase in smoke detector density through information campaigns can be done by the fire service, 
municipality and government. The Dutch burns foundation can also contribute to information for the 
elderly. Mandating smoke detectors in existing buildings or requiring an additional smoke detector in 
the bedroom and living room must be done by the government. The development of new knowledge 
about smoke detectors can be done by educational institutions, the IFV or universities. 

 Fireproof furniture 
The use of fireproof upholstered furniture can contribute to the less rapid development of a fire. The 
Federation of the European Union Fire Officer Associations (FEU) has long wanted the fire safety of 
furniture to be improved. This research also demonstrates the importance of this furniture.  

Building contents that have changed significantly in recent years. Over time home contents have 
transitioned from being compromised of natural materials to dominated by synthetic materials. 
Synthetic materials such as polyurethane foam have replaced cotton as the padding found in 
upholstered furniture. This change contributing to the decrease in time to untenable life threatening 
conditions. The use of fireproof furniture is the only measure that ensures that the conditions in the fire 
room are acceptable for a long time. 

The use of fireproof upholstered furniture has long been mandatory in Great Britain. In the Netherlands 
there is currently no regulation that makes fireproof furniture items mandatory. The Netherlands fire 
service has been working for some time to make fireproof furniture compulsory in European regulations. 

The Ministry of Health, Welfare and Sport can contribute to making fire-resistant upholstered furniture 
compulsory. Consumer organizations, Dutch Association of Insurers, Dutch Burns Foundation can 
promote the use of fire-resistant upholstered furniture. There will also be a role for the major furniture 
manufacturers. Furniture manufacturers will be able to contribute to the production of fireproof 
upholstered furniture. 

 Internal doors 
Closing interior doors has a positive effect on the room conditions in rooms other than the fire room. 
There has been an information campaign for some time that encourages people to close their doors. 
This campaign may deserve even more attention. Perhaps technical solutions can contribute to closing 
or keeping interior doors closed in the event of a fire.  
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The Netherlands fire service, the IFV and the safety regions can give extra attention to campaigns to 
closing  internal doors. Dutch Association of Insurers, Dutch Burns Foundation, Home Owners 
Association, Trade Association of Real Estate Agents and Bouwend Nederland can develop technical 
solutions to improve fire safety. 

 Area specific response times 
Applying area-specific response times can ensure that the arrival times are better met. By designating 
areas where the fire brigade can achieve certain arrival times, it is possible to better determine where 
fire stations should be located. Buildings that fall outside certain areas, but still present a risk, can take 
additional measures to increase fire safety. 

Applying this measure does not immediately ensure that the fire service will arrive on site more quickly. 
But this measure does ensure that building users have a better expectation of firefighting services in a 
certain area. If it appears that a building deserves extra attention, but this building is placed outside a 
certain area, then additional fire safety measures can be applied. It is currently assumed that response 
times will be achieved, even when they are not realistic. Therefore, no additional measures are applied 
to this buildings at this time. 

This solution has already been mentioned in the "RemBrand" report. This report was written because 
the concerns about object-oriented response times in the Safety Region Decree. The safety regions and 
the Ministry of Security and Justice can ensure that there is a switch to area-specific response times. The 
responsibility is then placed with the building users. When they use a building outside a certain area, 
they can expect another fire service. 

 Deployment of neighbors or civilians 
Nowadays, deploying civilians is happening more and more. Citizens can receive calls by telephone to 
support the ambulance. They can start a resuscitation before there are professional care providers 
present. Citizens are also deployed to support the police. More and more neighborhoods work with 
neighborhood prevention. These detect unsafe situations and can call in the help of the police if 
necessary. For the fire service there is no nationally regulated civilian assistance yet. 

Larger companies have an internal assistance organization, also called in-house emergency services. 
They can perform some interventions and quickly report a fire. This could also be arranged for private 
residential buildings. There is currently an experiment in which 1,000 households are equipped with a 
smart smoke detector. This smoke detector alerts the neighbors in the event of a fire. In the event of an 
alarm, the neighbors can investigate what is going on. In some cases they can extinguish a small fire, 
bring a victim outside or report a fire to the fire department. 

In addition to arranging this with the neighbors, it is also possible to do this on a larger scale. Citizen 
assistance could contribute to a large probability of intervention. The probability that someone 
responds to a call is greater when more people are called. These persons will primarily fulfill an alarming 
function. 

Because this approach is completely new, thorough research will have to be done into the possibilities. 
It will have to be determined what someone must meet in order to participate. It may be necessary to 
provide training to instruct people on what they can and cannot do. It is important that care providers 
do not become victims themselves. Something will also have to be arranged that gives civilian assistance 
providers access to the buildings where the incident is. There are various technical options for this. 

The Netherlands fire brigade, the security regions and the Ministry of Justice and Security provide the 
options for implementing this measure. The possibilities can be investigated by knowledge institutes, 
universities or the IFV. The North-East Gelderland safety region is currently taking the initiative to 
investigate this measure to alert neighbors in the case of a fire in a residential building with older people. 
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 Further investigation 
This research gives cause for more research. Based on the conclusions and recommendations in this 
study, further research can be done into certain subjects. These will be explained in this section 

A better collection of statistics on incidents makes it easier to investigate fire safety. The statistics of the 
fire service are currently limited. Different safety regions take various initiatives separately from each 
other to collect more data. It would contribute if national data were collected on fire safety. In Great 
Brittan, data is already collected around fires. Because they have fire-resistant furniture in England, the 
statistics are not always useful for the Netherlands. 

There have already been various investigations into smoke detectors. This will in the future it will be 
necessary to conduct more research to be able to do a rapid fire detection. With the deployment of 
neighbors or citizens, the development of smart smoke detectors is necessary. These smoke detectors 
must be able to give an alarm to emergency workers. For this, technical developments will have to be 
made to increase the probability of a working smoke detector and to shorten detection time. A solution 
will also be applied sooner if the costs can be kept low. 

Additional research is needed to deploy civilian counselors. The feasibility of this solution will have to 
be investigated. The costs of this solution will have to be calculated and it will have to be determined 
who will pay for it. Ultimately, technical solutions will have to be developed to make this system possible.  

It will be necessary to investigate what people must meet in order to be deployed as a civilian assistance 
counselor. Education and training will have to be developed that civil assistance counselors follow 
before they can participate in this system. This requires knowledge development and agreements will 
have to be made. 

Additional research is currently being conducted into the smoke distribution in buildings and the 
influence of interior doors. The IFV conducts research with practical experiments. The effect of 
extinguishing for rescuing people from a fire or ventilation for extinguishing a fire will also have to be 
investigated further. 

At the moment there is still much unclear about the effect of extinguishing a fire to the room conditions. 
The expectation is that the victims may have problems due to the steaming caused by the extinguishing 
of a fire. Further research will have to show whether extinguishing a fire or ventilating before performing 
a rescue can change the room conditions in such a way that this has a positive influence on the chances 
of survival. 

Implementing area-specific response times also requires further research. The consequences of 
changing the current system will have to be considered. It may be necessary to relocate fire stations or 
build new fire stations. The question is also what should be done with the buildings that have a function 
that requires extra attention, but who are located outside the area in which the fire service can respond 
in the required time.  

The 'RemBrand' project has made a proposal for the development of a nationally uniform methodology 
for regional fire risk profiles. When area-specific response times will be implemented, these methods 
will have to be worked out.  
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 Possible scenarios 
When a fire starts, different scenarios are possible. The following event tree shows different scenarios 
that can happen. In some cases there is an internal emergency organization present, they can perform 
various actions. These are shown in yellow. On the other hand, it is possible that the fire service carries 
out an action, this is indicated in blue. Preventive solutions in the building that suppresses a fire also 
belong to a possible scenario, this is shown in blue. A similar event tree was designed by the IFV. 

 
Figure 11-1: Possible scenarios when a fire starts. 
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 AST-RST definitions 
This section provides a summary of the various definitions used in this report. The relationship between 
the different time intervals is shown in different figures. In some cases, terms may differ from other 
studies. Some other studies use the terms RSET and ASET, from which the terms in this study have been 
derived. 

 
Figure 11-2: Relation AST and RST. 

Available Safe Time - The calculated time available between ignition of a fire and the time at which 
tenability criteria are exceeded in the means of egress. AST should be longer than RST by an acceptable 
margin of safety. [8] 

Required Safe Time - The calculated time necessary between ignition of a fire and the time at which all 
occupants can reach an area of safety. [8] 

Safety margin - The safety margin, in this case the difference between AST and RST. How bigger this 
margin is, how more time is available to compensate for uncertainties. This results in a better the fire 
safety. 

 

 AST and RST scenarios 
Two different scenarios are investigated in the study. Some extra abbreviations and definitions are used 
for this. The first scenario is a traditional AST and RST scenario in which the independent escape attempt 
is investigated. The second scenario investigates the role of the fire service, whereby an intervention of 
the fire service is described. 

 
Figure 11-3: AST-1 and RST-1. 

AST-1 (escape conditions) – The available safe time to escape in the event of a fire. This is the time 
interval between the moment of ignition of a fire and the moment that the room conditions have 
changed so that escape is no longer possible. 

RST-1 (independent escape) – The required safe time to escape in the event of a fire. This is the time 
interval between the moment of ignition of a fire and the moment that everyone has left the building 
to a safe area.  

If this scenario is not successful (which means there is no safety margin), the second scenario will apply.  
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Figure 11-4: AST-2 and RST-2. 

AST-2 (surviving conditions) – The available safe time to recue all occupant outside a building. This is 
the time interval between the moment of ignition of a fire and the moment that the room conditions 
have changed so that surviving is no longer possible. 

RST-2 (intervention by fire service) – The required safe time to rescue in the event of a fire. This is the 
time interval between the moment of ignition of a fire and the moment that everyone has rescued by 
the fire service from the building to a safe area.  

 

 RST-1 definitions 
The required safe time can be divided in different time intervals. Three of these intervals are the same 
in both scenarios. 

 
Figure 11-5: RST-1 scenario with different time intervals. 

The definitions of the different times are summed up: 

Detection time - The interval between fire ignition and the first detection of the fire by a device or an 
individual.  

Warning time - The interval between detection of the fire and the time at which an alarm signal is 
activated or notification of occupants takes place. 

Recognition time - The interval between the time at which the alarm signal is perceived and the time 
at which the occupant interprets this signal as indicating a fire/emergency event. This time includes 
investigation and milling, for example, to determine the situation. 

Response time - The interval between recognition time and the time at which the first move is made to 
evacuate the building. This time includes activities such as firefighting, warning others, gathering family 
members and pets, dressing, retrieving personal belongings, calling the fire department, and so on. 

Travel time - The time needed, once movement toward an exit has begun, for all occupants to reach a 
place of safety. 
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 RST-2 definitions 
In the second scenario is a rescue by the fire service necessary. If a person cannot flee independently 
the fire service is the only one who can carry out a rescue. In this report we assume that internal 
assistance is not present (in time), the fire service is the only one that can perform a rescue.  

 
Figure 11-6: RST-2 scenario with different time intervals. 

The definitions of the different times are summed up. Detection time, warning time and recognition 
time are already mentioned by ‘RST-1 definitions’, there are common in this scenario.  

Reporting time - The interval between the notification of the occupancies take place and the time at 
which the fire service is called. 

Fire service response time - This means the time between the assumption of the fire detection by the 
control room and the arrival of a fire service unit at the location of the incident.  

Rescue time - The time interval between the arrival of a fire service unit at the location of the incident 
and a successful rescue of a victim in a building.  

The fire service response time can be divided in three different times, alarm time, turn out time and 
drive time. In some cases is also used intervention time. The next figure shows this relations and 
definitions of this time intervals.  

 
Figure 11-7: Fire service response time and related time intervals. 

Alarm time - The time between the assumption of the fire detection by the fire brigade and the time of 
alarm a unit of the fire brigade. 

Turnout time - The time between the alarm of a unit of the fire service and the departure time from the 
fire department. 

Drive time - The drive time between the departure time of the fire service unit from the fire department 
and the arrival at the location of the incident. 

Intervention time - The time of the fire service is the alarm time, turnout time, drive time and rescue 
time together. This means the time between the assumption of the fire detection by the control room 
and the moment that all victims are rescued and outside the building or at a safe place in the building.   
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 Statistics 
This section collects the statistics that are referred to in the main text. The statistics are subdivided per 
sub-category.  

 Fire statistics 
The Central Bureau of Statistics (CBS) collects and publishes data on fires. Over several years, they have 
collected data on the number of fire reports that have arrived at the fire service. 

 
Figure 11-8: Fire reports per year according CBS [2] 

The safety region Twente has conducted research into 100% of the fire reports. The table below shows 
that fire service is most often alarmed for building fires in residential buildings and industrial and 
agricultural buildings. This table shows the number of incidents per object function that was reported 
in Twente in the period 2010 till 2015. 

Building type 2010 2011 2012 2013 2014 2015 Total 

Residential building 269 197 197 187 180 173 1203 

Meeting 12 3 2 3 6 8 34 

Healthcare 1 0 0 0 1 2 4 

Annexe 0 24 17 3 0 0 44 

Industry / agricultural 34 24 34 24 35 39 190 

Office 2 0 0 0 1 1 4 

Accommodation 2 1 3 4 1 1 12 

Education 7 5 5 2 4 2 25 

Sport 0 0 0 2 1 1 5 

Store 0 1 6 5 1 3 16 

Other 0 1 2 0 1 0 4 

Table 11-1: Number of incidents per building type in the period 2010 - 2015. [23] 

In addition to the fact that most fire alarms are reported in residential buildings, it appears that there 
are also relatively the most victims in this type of building. 
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 Aging population 
The number of people who are 65 or older is shown in the graph below. An analysis has been made of 
the number of people aged 65 and over in recent years. 

 

 
Figure 11-9: Population of 65 years and over. [11] 

 

It is expected that in the coming years there will be an increase in the percentage of older people in the 
total Dutch population. A forecast has been made by the IFV that shows the relative number of people 
aged 65 and over compared to the total population. This is expected to rise to around 2060. 

 

 
Figure 11-10: Percentage of people of 65 years and older over years. 
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Figure 11-11: Relative population of 65 years and over in different countries. 

 

An analysis has been made in different countries of the expected population of the elderly. The current 
population has been compared with the population of people aged 65 and over in ion 2050. From the 
data in the figure above it can be concluded that this problem occurs in several countries. The aging 
population is therefore a global problem. 

Research shows that elderly people who live alone are a vulnerable group for fire. This group is more 
often involved in a fire. The expectation is that the number of elderly people living alone will increase 
in the future. The following graph shows the number of single households over different years.  

 

 
Figure 11-12: Number of single households in the Netherlands. 
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 Fire location 
In the Gelderland safety region, 100% of the residential fires are being investigated. Professionals from 
the fire investigation team contacted the commander in 2016 after every house fire.  

The aim is to find out more about the cause of the fire, in which types of homes fires occur. They also 
wanted to know whether residents themselves had made extinguishing attempts to get the fire under 
control. In 2016,  there are 146 alarms for a residential fires. That is one house fire per 1.781 homes. 

Results of the results are presented in a infographic.  

 

  
Figure 11-13: Start location of a fire in 100% of residential fires. [79] 
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 Rescues 
In 2014 and 2015, the IFV conducted an investigation into the number of rescues in the event of a fire. 
The results are shown in the figures. An analysis of the data shows that often several victims are saved 
in an incident. This happens in particular in portion flats. 

 
Figure 11-14: Start location of a fire in 100% of residential fires  [22].  

 
Figure 11-15: Number of incident with a rescue in 2014 and 2015 [22].   
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Figure 11-16: Number of rescues versus number of deaths in 2014 and 2015. [22] 

The IFV has investigated the need for a rescue in the event of a fire. They did this by asking respondents 
to answer a questionnaire. This happened in the period of 2014 and 2015. A total of 343 answers have 
been incorporated in the figure below. 

 
Figure 11-17: Needs for recue in 2014 and 2015. [22] 
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 Fire deaths 
The IFV conducts research into fatal residential fires. In the investigation, they collect as much data as 
possible about incidents in which fatalities occur. In the study, they only use the data from unintentional 
fatal residential fires.  

  
Figure 11-18: Absolute number of deaths in case of residential fire. [3] 

In the figure below the total number of deaths is given per year, and the number of deaths of people 
that is 65 years and older is given per year.  

 
Figure 11-19: Absolute number of deaths of 65 years and older in case of residential fire. [3] 

 

From the figure can obtained that there is a large part of people that is 65 year and older.  
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Figure 11-20: Relative number of deaths of 65 years and older in case of residential fire. [3] 

The results of the IFV study were compared with the total population in the Netherlands. Then it is clear 
that older people have a greater chance of becoming a victim of a fatal residential fire.  

The next table shows that in the coming years there will be a large growth in the number of elderly 
people living independently. This prediction is made by the IFV. This will mean that good consideration 
must be given to the housing of elderly people in the future. If nothing has changed in fire safety, the 
number of victims is expected to increase. 

Building function Population 
2008 - 2013 

Victims  
2008 - 2013 

Victims per 
million 

Population 
2030 

Victims 
2030 

Difference 
percentage 

Live independently 2.480.918 12 4,80 4.086.087 19,8 64,7 

Live in building with 
fulltime care 

112.520 2 17,80 111.773 2 -0,7 

Table 11-2: Building function versus victims. 

The table below shows the relationships between the number of victims at this moment and the 
expectations per living situation. [10] 
 

 
Figure 11-21: Expected number of deaths in 2030. 
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Figure 11-22: U.K. fire deaths per million population [80] [49] 

Statistics from the United Kingdom can be used to determine the cause of death among residential fire 
victims.  Most of the victims died as a result of burns and the dangers of smoke.  

The same analysis was made of victims who were injured in residential fires. Everything has been 
recorded better in recent years, so statistics about the past do not always give a good impression of the 
number of victims. 

 
Figure 11-23: U.K. nonfatal fire injuries per million population [80] [49] 
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 Simulation input  
The RVO designed a gallery flat with five floors and 36 apartments in total. At the front side the 
apartments have a gallery. At the backside of the apartments there are balconies. Each apartment has 
a height of 2,60 meter and a the total height of the block is 14,85 meter.  

 
Figure 11-24: North section of gallery flat 

At the ground floor are 36 storage boxes and four apartments. On the head ends are designed two 
staircases and at one side is designed an elevator. At floor one till floor five are eight apartments per 
floor. Each apartment has a surface of 81,7 m². An apartment consist of a living room, a bathroom and 
separate toilet, two bedrooms and a corridor.  

In the simulations we use an apartment in the middle of the second floor. This apartment is connected 
to the gallery and have an apartment above, under, left and right of the apartment that will simulated.  

 
Figure 11-25: Floorplans of gallery flat 
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Figure 11-26: Floorplan of the apartment block 

Beside the gallery flat the RVO have designed a reference apartment block.  In the central traffic room 
are two independent escape routes. The independent escape routes have the form of a so-called 
'wokkeltrappenhuis'. These are two separate staircases that twisted around each other. A point of 
attention here is that the independent escape routes up to and including the ground floor remain 
separated. Next to the stairs there is also a lift available in the traffic area.  

At floor one till floor five are six apartments per floor. Each apartment has a surface of 90 m². An 
apartment consist of a living room, a bathroom and separate toilet, two bedrooms, washing room and 
a corridor.  
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Figure 11-27: Section of apartment block 

In the simulations we use an apartment at the north-west corner of the second floor. This apartment is 
connected to the central traffic room and have an apartment above, under and at both sides of the 
apartment that will simulated. 
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Figure 11-28: Floorplan of gallery flat apartment (left) and simulation input (right) 

  

 
Figure 11-29: Floorplan apartment block apartment (left) and simulation input (right) 
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Figure 11-30: Detectors in block apartment (left) and gallery flat (right) 

The location of the smoke detector is important to define the time of detection a fire. The IFV did 
research into efficiency of smoke detectors in residential buildings. The results of this research are 
summarized in report “effectiviteit-van-rookmelders-in-woningen in 2015”. In this report is made an 
difference between three different levels of location of smoke detectors [76].  

Level of safety Description 

1 Smoke detectors are placed in the traffic rooms 

2 Smoke detectors are connected and presence in every room where people can sleep 

3 Smoke detectors or heat detectors are connected and in every potential fire room. 

Table 11-3: Overview of different experiments. [28] 

In the bathroom and in the kitchen, it is better to install a heat detector than a smoke detector. This is 
because a lot of steam can develop due to boiling and showering, which can lead to a false alarm.  
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 Openings 
The different rooms are linked together in the simulation. The rooms are connected by internal doors. 
On the sides where the apartment is connected to another apartment the wall is  completely enclosed. 
The apartment borders to the outside at the front and backside of the house. 

The ventilation vents can be calculated with the following equation. [81] 

 

The density of dry air at sea level is 1.293 kg/m³ (1 atmosphere pressure, at 0 °C). This leads to a 
ventilation rate of 12 cm² per 1 dm³/s. This is equal to 3,6 m³/h. 

The interior doors have an opening of 2 cm at the bottom when they are closed. That means that there 
is an opening under the door of 2 cm high and 93 cm wide. This is a surface of 186 cm².  Five of six 
interior doors have been added to the simulation. The leak on the side of the doors and on the top of 
the door is negligible. In the simulation it is assumed that the front door does not show any major 
leakage than the rest of the facade. 

The simulation is varied with open and closed doors. An open door has a width of 93 cm and a height 
of 2315 mm. This is a surface of 2.153 cm². The following configurations will simulated.  

Nr. Door Option 1 Option 2 Option 3 Option 4 

1 Livingroom Open Closed Open Closed 

2 Bedroom 1 Open  Open  Closed Closed 

3 Bedroom 2 Open Open Closed Closed 

4 Bathroom Open Open Closed Closed 

5 Toilet Open Open Closed Closed 

6 Washroom Open Open Closed Closed 

Table 11-4: Door configurations of simulations. 

 

  

 
𝐶𝐶𝑙𝑙𝑠𝑠𝑛𝑛 = 𝐴𝐴𝑙𝑙𝑠𝑠𝑛𝑛𝜇𝜇 ∙ �

2
𝜌𝜌𝑙𝑙𝑖𝑖𝑙𝑙

 [11.1] 

 With:  
 𝐶𝐶𝑙𝑙𝑠𝑠𝑛𝑛 Capacity of ventilation opening [m³/s]  
 𝐴𝐴𝑙𝑙𝑠𝑠𝑛𝑛 Area of opening [m²]  
 𝜇𝜇 Contraction coefficient [-]  
 𝜌𝜌𝑙𝑙𝑖𝑖𝑙𝑙 Density of air [kg/m³]  
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Figure 11-31: Simulation model with openings of apartment in gallery flat. 

A façade is added to the front and backside of the apartment. This façade leak is 0,1% of the façade 
surface. This is added per room in a vertical strip of 0,1% of the width of the façade surface. On the 
sides where the apartment is borderline to another apartment, no façade leak is added. 

Room Façade Height Width Area 

Kitchen North 260 cm 0,28 cm 72,8 cm² 

Corridor North 260 cm 0,18 cm 46,8 cm² 

Bedroom 1 North 260 cm 0,26 cm 67,6 cm² 

Bedroom 2 South 260 cm 0,30 cm 78,0 cm² 

Livingroom South 260 cm 0,42 cm 109,2 cm² 

Table 11-5: Facade leak per room in gallery flat. 

The apartment contains various windows and ventilation grilles that can be in different configurations. 
The ventilation grills have the same width as the windows. Above this windows are ventilation grills.  

The opening area of the ventilation grills are calculated with help of formulae 11.1. The width of the 
grills are based on the width of the corresponding window. The height can calculated with the 
combination of the with and needed area.   

The apartment in the gallery flat has a total ventilation capacity of 107 dm²/s . With 12 cm² per 1 dm³/s 
is an opening of 1.284 cm² necessary. In the simulations, the ventilation grills are placed above the 
windows. There are no vents defined in the ceiling and floor area.  

A lot of research has been done into the probability of failure of windows and doors as a result of a fire. 
A apartment that comply to the Dutch Building Code 2012 contains double glazing. Glass can heat up 
in different ways. This is possible by radiation or convection. 

A window can also collapse due to pressure differences in the compartments. A window can also crack 
by a combination of pressure difference and high temperatures. Because there is so much uncertainty 
in the situations in which a window breaks, it is not included in the simulation. This assumption does not 
cause problems, because the chances of survival at these high temperatures do not change. 
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Figure 11-32: Openings in north façade of gallery flat apartment. 

 
 Part Nr. Height Width Area Sun protection 

Window Total 1 1,2 m 1,7 m 2,04 m² No 

Window Opening 1 1,2 m  0,6 m 0,72 m² No 

Front door Total  2,4 m 1,0 m 2,40 m² No 

Window Total 2 2,4 m 0,3 m 0,72 m² No 

Window Total 3 1,2 m 1,7 m 2,04 m² No 

Window Opening 3 1,2 m  0,6 m 0,72 m² No 

Table 11-6: Dimensions of openings in north façade of gallery flat apartment. 

 

 
Figure 11-33: Openings in south façade of gallery flat apartment. 

 
Name Part Nr. Height Width Area Sun protection 

Window Total 4 1,2 m 1,9 m 2,28 m² Yes 

Window Opening 4 1,2 m 0,6 m 0,72 m² Yes 

Window Total 5 2,6 m 2,7 m 7,02 m² Yes 

Window Total 6 0,4 m 1,0 m 0,40 m² Yes 

Window Total 7 2,6 m 0,3 m 0,78 m² Yes 

Door   2,1 m 1,0 m 2,10 m² - 

Table 11-7: Dimensions of openings in south façade of gallery flat apartment. 
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Figure 11-34: Simulation model with openings of apartment block apartment. 

A façade is added to the front and side of the apartment. This façade leak is 0,1% of the façade surface. 
This is added per room in a vertical strip of 0,1% of the width of the façade surface. On the sides where 
the apartment is borderline to another apartment, no façade leak is added. 

Room Façade Height Width Area 

Livingroom South 260 cm 0,83 cm 215,8 cm² 

Livingroom West 260 cm 0,44 cm 114,4 cm² 

Bedroom 1 West 260 cm 0,26 cm 67,6 cm² 

Bedroom 2 West 260 cm 0,35 cm 91,0 cm² 

Table 11-8: Facade leakage per room in apartment block. 

The apartment contains various windows and ventilation grilles that can be in different configurations. 
The ventilation grills have the same width as the windows. Above this windows are ventilation grills. The 
opening area of the ventilation grills are calculated with help of formulae 11.1. The width of the grills 
are based on the width of the corresponding window. The height can calculated with the combination 
of the with and needed area.   

The apartment in the apartment block has a total ventilation capacity of 112,5 dm²/s . With 12 cm² per 
1 dm³/s is an opening of 1.350 cm² necessary. In the simulations, the ventilation grills are placed above 
the windows. There are no vents defined in the ceiling and floor area.  

A lot of research has been done into the probability of failure of windows and doors as a result of a fire. 
A apartment that comply to the Dutch Building Code 2012 contains double glazing. Glass can heat up 
in different ways. This is possible by radiation or convection. 

A window can also collapse due to pressure differences in the compartments. A window can also crack 
by a combination of pressure difference and high temperatures. Because there is so much uncertainty 
in the situations in which a window breaks, it is not included in the simulation. This assumption does not 
cause problems, because the chances of survival at these high temperatures do not change.  
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Figure 11-35: Openings in south façade of apartment block apartment. 

 
Name Part Nr Height Width Area Sun protection 

Window Total 1 2,6 m 1,5 m 3.9 m² Yes 

Window Total 2 2,6 m 5,2 m 13.52 m² Yes 

Window Window door 6 2,0 m 0,7 m 1,4 m² Yes 

Balcony door Total door 7 2,6 m 1,0 m 2,6 m² Yes 

Table 11-9: Dimensions of openings in south façade of apartment block apartment. 

 

 

 
Figure 11-36: Openings in west façade of apartment block apartment. 

 

 Name Part Nr Height Width Area Sun protection 

Window Total 3 1,2 m 3,2 m 3.84 m² No 

Window Opening 1 3 1,2 m 1,2 m 1,44 m² No 

Window Opening 2 3 1,2 m 1,2 m 1,44 m² No 

Window Total 4 1,2 m 1,0 m 1,20 m² No 

Window Opening 4 1,2 m 0,6 m 0,72 m² No 

Window Total 5 1,2 m 1,9 m 2,28 m² No 

Window Opening 5 1,2 m 0,9 m 1,08 m² No 

Table 11-10: Dimensions of openings in west façade of apartment block apartment. 
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 Mechanical ventilation  
The Dutch Building Code has requirements for the ventilation capacity. This capacity must be at least 
0,9 dm³/s per m² with a minimum of 7 dm³/s, where at least 50% is directly supplied. If there is a cooking 
appliance present in a residential area, the capacity of the supply and exhaust from that area must be 
at least 21 dm³/s.  

The requirements for the supply of fresh air to a room and for the exhaust of indoor air from a room 
must comply with NEN 1087. This require a capacity of at least 7 dm³/s. The NEN 1087 got additional 
requirements about ventilation capacity. The NEN 1087 sets the following requirements per room. 

Room Minimum ventilation capacity according NEN 1087 

Livingroom  1 dm³/s per m² net floor area with a minimum of 21 dm³/s. 

Kitchen 21 dm³/s. 

Kitchen with open connection to other room. 1 dm³/s per m² net floor area with a minimum of 21 dm³/ s. 

Bathroom 14 dm³/s. 

Bedroom 1 dm³/s per m² net floor area with a minimum of 7 dm³/s. 

Toilet 7 dm³/s. 

Corridor 1x the room volume per hour 

Table 11-11: NEN 1807 ventilation capacity 

In order to comply the apartment with NEN 1087, the rooms must meet the following ventilation 
capacity per room.  

Room 
Gallery flat Apartment block 

Mechanical supply Mechanical exhaust Mechanical supply  Mechanical exhaust 

Livingroom 51 dm³/s No exhaust 51 dm³/s No exhaust 

Bedroom 1 28 dm³/s No exhaust 35 dm³/s No exhaust 

Bedroom 2 28 dm³/s No exhaust 35 dm³/s No exhaust 

Bathroom No supply 40 dm³/s No supply 26 dm³/s 

Toilet No supply 14 dm³/s No supply 18 dm³/s 

Kitchen No supply 51 dm³/s No supply 51 dm³/s 

Washroom - - No supply 26 dm³/s 

Table 11-12: Mechanical ventilation supplies and exhausts 

The reference building uses ventilation system D: ventilation with heat recovery. In ventilation with heat 
recovery, the same amount of fresh air is supplied as used air discharged. 

This mechanical ventilation supply and exhaust is applied in the compartments. Because in the 
compartments are the toilet and bathroom combined, there are two exhausts in this room. The center 
height of the ventilation is the height of the midpoint of the duct opening above the floor. This is set at 
2,6 meters. The orientation is set horizontal, that implies a diffuser vertical flow through the ceiling or 
floor of the compartment. The supply is simulated from outside to the compartment and exhaust is from 
the compartment to outside.  

Vents in CFAST can be opened or closed at user-specified times or by a user-specified target’s surface 
temperature or incident heat flux. This function is not used in the simulations because it is assumed to 
be always working.  In CFAST is it possible to simulate a fan drop off. The begin Drop Off Pressure (in 
Pa) is the pressure above the flow begins a drop-off to zero. A hyperbolic tangent function is used to 
ensure a smooth transition from full flow at the “Begin Drop Off Pressure” to zero flow at the “Zero 
Flow Pressure”. Zero Flow Pressure (in Pa) is the pressure above which the flow is zero. This values are 
set standard to a begin drop off pressure of 400 Pa and a zero flow pressure of 550 Pa.   
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Figure 11-37: Mechanical ventilation gallery flat 

 

 
Figure 11-38: Mechanical ventilation of apartment block  
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 Environmental Data 
The simulation time is the length of time over which the simulation takes place. The is chosen for 2100 
seconds. This is equal to 35 minutes. In this period a fire is often fully developed or ventilation controlled. 

Temperature is expressed in degrees Celsius. The initial ambient temperature inside or outside the 
structure at the station elevation is 19 °C. 

Pressure is expressed in Pascal (Pa). Initial values for ambient atmospheric pressure inside and outside 
the structure at the station elevation. The default value is standard atmospheric pressure at sea level is 
101.325 Pa.  

Elevation is expressed in meters (m). The height where the ambient pressure and temperature are 
specified is set at 5,8 meter. This is the reference height for calculating the density of the atmosphere 
as well as the temperature and pressure inside and outside of the structure as a function of height. 

Humidity is expressed in % relative humidity (% RH). The initial relative humidity in the system, only 
specified for the interior is set at 50 % RH. This is converted to kilograms of water per cubic meter as 
an initial condition for both the interior and exterior of the structure. 

For a compartment, the width, depth, compartment height and height of the floor of the compartment 
provide this specification. In CFAST it is only possible to use rectangle shapes, so a simplified floorplan 
is made.  

Room 
Gallery flat Apartment block 

Floor area Height Volume Floor area Height Volume 

Livingroom 30 m² 2,6 m 78,0 m³ 30 m² 2,6 m 78,0 m³ 

Kitchen 7,5 m² 2,6 m 19,5 m³ 7,4m² 2,6 m 19,24 m³ 

Corridor 13 m² 2,6 m 33,8 m³ 7,5 m² 2,6 m 19,5 m³ 

Bedroom 1 10 m² 2,6 m 26,0 m³ 17,5 m² 2,6 m 45,5 m³ 

Bedroom 2 14 m³ 2,6 m 36,4 m³ 13,0 m² 2,6 m 33,8 m³ 

Toilet 2,1 m² 2,6 m 5,5 m³ 2,0 m² 2,6 m 5,2 m³ 

Bathroom 4,4 m² 2,6 m 12,8 m³ 6,6 m² 2,6 m 17,16 m³ 

Washroom - - - 5,0 m² 2,6 m 13,0 m³ 

Table 11-13: Dimensions of rooms. 

  



 
158 
 

 Quadrant model 
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 Experiment old and modern interior 
The second set of rooms was also 3,7 meter by 3,7 meter with a 2,4 meter ceiling and a 2,4 meter wide 
by 2,1 meter tall opening on the front wall. Both rooms contained identical furnishings with the 
exception of the sofa and the chair. The first room (Experiment 3) had a polyurethane foam filled sofa 
and chair with microfiber fabric covering (Figures 8, 10).  

The second room (Experiment 4) had a cotton padded, innerspring sofa and chair with cotton cover 
fabric (Figures 9, 11). The contents were similar to those used in the first modern room. The floors were 
covered in polyester carpet over polyurethane foam padding. The contents included an engineered 
wood coffee table, two end tables, television stand and book case. The sofa had a polyester throw 
placed on its left side. The left end table had a lamp with polyester shade on top of it and the right end 
table had a television remote, candle and vase filled with synthetic rose pedals.  

The coffee table had four color magazines and a synthetic plant on it. The television stand had a 37 inch 
flat panel television. The book case had two baskets and a picture frame on it. The left side of the room 
had a plastic toy bin, a plastic toy tub and four stuffed toys. The rear wall had polyester curtains hanging 
from a metal rod and the left side walls had a wood framed picture hung on it. [28] 

 
Figure 11-39: Experiment setup in full scale living room. [28] 
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The next table shows an overview of the characteristics in the six different experiments.  

Experiment Description Room dimensions 
Front opening 
demensions 

Fuel loading 
(kg/m²) 

1 Modern 3,7 x 3,7 x 2,4 2,4 x 2,1 NA 

2 Legacy 3,7 x 3,7 x 2,4 2,4 x 2,1 NA 

3 Modern 3,7 x 3,7 x 2,4 2,4 x 2,1 19,0 

4 Legacy 3,7 x 3,7 x 2,4 2,4 x 2,1 22,9 

5 Modern 4,0 x 5,5 x 2,4  3,0 x 2,1 11,2 

6 Legacy 4,0 x 5,5 x 2,4 3,0 x 2,1 11,2 

Table 11-14: Overview of different experiments. [28] 

Experiment 4 is a setup of a living room with legacy furniture. The results of this experiment are procced 
in the following HRR graph.  

 
Figure 11-40: HRR of a modern living room versus a legacy living room. [28] 

What can obtain from this graph is that a fire development is very dependent on the materials in a room. 
In a living room with a modern design, a fire will generally develop faster. But a fire development 
depends on many factors, so predicting a fire development remains difficult. 
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 HRR data 
Results from experiments will be used to simulate a realistic fire development. The heat release rate 
from various experiments are used as input for the simulations. In this study, a fire will not develop 
further than cascade 2. 

The table shows the heat release rate that has been used as a simulation input. For comparison, the 
experiment with the sofa and the full-scale living room has been added to the table. 

 Sofa 
experiment 

Living room 
experiment 

Simulation 
input   Living room 

experiment 
Simulation 

input 
T(s) HRR (kW) HRR (kW) HRR (kW)  T(s) HRR (kW) HRR (kW) 

0 0 0 0  1080 1375 1175 

30 8 5 8  1110 1325 1125 

60 17 10 17  1140 1275 1075 

90 25 20 25  1170 1225 1025 

120 80 40 80  1200 1175 975 

150 230 80 230  1230 1125 925 

180 860 140 860  1260 1075 875 

210 1750 200 1100  1290 1025 825 

240 1820 300 2000  1320 975 775 

270 860 500 8000  1350 925 725 

300 260 750 10000  1380 875 675 

330 40 1100 11000  1410 825 625 

360 0 2000 9500  1440 775 575 

390  8000 9000  1470 725 525 

420  10000 8000  1500 675 475 

450  11000 7000  1530 625 425 

480  9500 6400  1560 575 375 

510  9000 6000  1590 525 325 

540  8000 5800  1620 475 275 

570  7000 5100  1650 425 225 

600  6400 4500  1680 375 175 

630  6000 4200  1710 325 125 

660  5800 3700  1740 275 75 

690  5100 3200  1770 2000 1775 

720  4500 3000  1800 1925 1725 

750  4200 2850  1830 1875 1675 

780  3700 2750  1860 1825 1625 

810  3200 2650  1890 1775 1575 

840  3000 2600  1920 1725 1525 

870  2850 2400  1950 1675 1475 

900  2750 2300  1980 1625 1425 

930  2650 2100  2010 1575 1375 

960  2600 2000  2040 1525 1325 

990  2400 1925  2070 1475 1275 

1020  2300 1875  2100 1425 1225 

1050  2100 1825 
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Figure 11-41: HRR of experiments and simulation input. 

Stephen Kerber did experiments with a fire in a full scale living room [28]. Because the measurement 
results are not accurate at the start of this experiment, a distinction is made between fire in an object 
(cascade 1) and  a fire in a complete room (cascade 2). This is caused by gases that accumulate at the 
top of the fire room and do not go directly to the calorimeter.  

To simulate a fire in an object, a fire in a sofa is assumed. In the report 'Initial Fires', Sandqvist 
investigated heat release rates of different objects [33]. In this report is chosen for experiment Y5.4/16 
from initial fires. Results of this experiment can be found in the appendix. 

To develop from a fire in an object to a fire in a room, a flash over is assumed.  From about 1 MW, the 
results of the experiments of a full scale living room are used. This method is also used in a research 
into measurement by surviving a fire in a residential apartment of van Liempd [34].   

A fire will develop till it the maximum heat release rate of the room has reached. If the  maximum heat 
release rate of a room is smaller than in the experiment, a correction will be made. A short steady state 
period will arise in which the heat release rate will be at the maximum of the room. The maximum heat 
release rate per room is given in the appendix. The original fire development will resume after this 
steady state period. 

Room HRRPUA 
Gallery flat Apartment block 

Floor area Total HRR Floor area Total HRR 

Livingroom 250 kW/m² 30,0 m² 7,5 MW 30,0 m² 7,5 MW 

Kitchen 250 kW/m² 7,5 m² 1,9 MW 7,4m² 1,9 MW 

Total compartment 250 kW/m² 37,5 m² 9,4 MW 37,4 m² 9,4 MW 

Table 11-15: Maximum heat release rates per room. 
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 Escape conditions 
the following criteria are used for an independent escape criteria: 

• FECsmoke = 1,0 
• Radiation heat of 2,5 kW/m² 
• Convective heat of 121 °C 

Visibility 
Whether a person decides to flee from a building in the event of a fire depends on the conditions in a 
room. One of the factors that influences the room conditions is visibility. In order to assess the visual 
obscuration effects of smoke, a concept of fractional effective concentration (FEC) has been developed, 
whereby the smoke concentration is expressed as a fraction of the concentration considered to 
significantly affect escape efficiency [42]. If this FECsmoke has reached a value of 1,0 or higher is a visible 
length of 5 meters or less reached. This FECsmoke can calculated with the next formulae.  

 
This smoke spread is measured at a height of 1,5 meter. This is because an older person is more likely 
to run away and not choose to flee crawling. 

Radiation heat 
Radiation heat is the transfer of energy by the emission of electromagnetic radiation. For radiant heat, 
clothing also greatly influences tolerance times, but data on naked skin are relevant to exposure of 
unprotected areas such as the head.  

The largest amount of radiation heat that the skin can absorb for an unlimited period of time without 
pain or health damage being felt is around 1 kW/m². This corresponds to the intensity of the sun on an 
average sunny day in the Netherlands. The threshold value is 2,5 kW /m². A person can tolerate this 
value for a maximum of five minutes. The heat radiation from a warm smoke layer can be calculated with 
the following formula. 

 
Convective heat 
For a victim attempting to escape from a fire, the most important sources of heat exposure are radiation 
from hot areas and convection from hot gases. The rate of heat transfer from hot air to the skin depends 
on the rate of ventilation, humidity, and the protective value of clothing as well as air temperature.  

Elderly are more sensitive for skin burning and will decide rather not to flee than healthy persons [11].  
If the air temperature is too high, the lung surface will be damaged in addition to the skin. At a humidity 
of 10% or lower, the threshold value for burns will be lower than the harmfulness to the respiratory tract. 
A temperature of 121 degrees will cause a painful skin. Because elderly cannot flee crawling, this 
temperature is measured at 150 cm height.  

 𝐹𝐹𝐹𝐹𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠=
(OD)
0.2

 [11.2] 
With:   
 𝐹𝐹𝐹𝐹𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Fractional Effective Concentration total  [-]  
 OD Optical Density [m]  

 𝑄𝑄𝑢𝑢,𝑙𝑙(𝑙𝑙𝑙𝑙𝑙𝑙,𝑓𝑓𝑙𝑙) = εσ(𝑇𝑇𝑈𝑈4 − 𝑇𝑇𝑓𝑓𝑙𝑙4)𝐴𝐴𝑓𝑓𝑙𝑙 [11.3] 
With:   
 𝑄𝑄𝑢𝑢,𝑙𝑙(𝑙𝑙𝑙𝑙𝑙𝑙,𝑓𝑓𝑙𝑙) Heat radiation from hot smoke layer [kW/m²]  
 ε Emission coefficient between hot smoke layer and floor (0,8) [-]  
 σ Stefan-Boltzman's Constant (5.67 * 10 ^ -8) [-]  
 𝑇𝑇𝑈𝑈4 Temperature of hot zone [K]  
 𝑇𝑇𝑓𝑓𝑙𝑙4  Temperature of floor area [K]  
 𝐴𝐴𝑓𝑓𝑙𝑙 Surface area of floor area [m²]  



 
164 
 

 Surviving conditions 
The following criteria are used as surviving limit values:  

• FEDheat = 0,3  
• FEDCO =  0,3  
• Minimum oxygen concentration of 60.000 ppm. 

Fractional Effective Dose 
Surviving conditions are calculated with help of the Fractional Effective Dose (FED). ISO (the 
International Organization for Standardization) has a norm who describe Life-threatening components 
of fire. This is ISO-13571-2007.  

It is possible to set a limit value at which 100% of the people do not survive. But this value is not 
representative of the average person. In the literature it appears that more research is done with a limit 
of 50% lethality. [82] 

According to the ISO standard, exposed persons with an average sensitivity level can no longer flee 
independently at a FED of 1,0 and a FED value of 0,3 is the maximum for sensitive people. In this 
research is a FED value of 0,3 chosen for a lethal doses of 50% of the population elderly.  

This FED value is determined for each asphyxiate at each discrete increment of Time [48]. The formulae 
below shows how this FED value can be calculated.  

 
Basically, CO2 is not a toxic substance. But certain concentrations of CO2 in the air can cause the 
breathing to accelerate. As a result, more air is inhaled into the lungs, which increases the exposure to 
the toxic gases. The hyperventilation factor can be calculated with the next formulae. 

 
 
To determine the survival conditions of toxic substances, use is made of the Purser method from the 
SFPE Handbook. [8] 

 
 

 

 
𝐹𝐹𝐹𝐹𝐹𝐹𝑥𝑥=  � �

𝜑𝜑𝑖𝑖
(𝜑𝜑𝑡𝑡)𝑖𝑖

𝑡𝑡2

𝑡𝑡1

𝑛𝑛

𝑖𝑖=1
∆𝑑𝑑 [11.4] 

With:   
 𝐹𝐹𝐹𝐹𝐹𝐹𝑥𝑥 Fractional Effective Dose of toxic gas [-]  
 𝜑𝜑𝑖𝑖 Concentration of toxic gas [-]  
 (𝜑𝜑𝑡𝑡)𝑖𝑖 Specific exposure dose for safe escape [-]  
 ∆𝑑𝑑 Exposure time [m]  

  𝐻𝐻𝐻𝐻𝑐𝑐𝑠𝑠2 = 𝑒𝑒(𝜑𝜑𝜑𝜑𝑠𝑠25 ) [11.5] 
With:   
 𝐻𝐻𝐻𝐻𝜑𝜑𝑠𝑠2 Hyperventilation factor [-]  
 𝜑𝜑𝜑𝜑𝜑𝜑2 Average volume percent of carbon dioxide [%]  

 𝐹𝐹𝐹𝐹𝐹𝐹𝑒𝑒𝑠𝑠𝑒𝑒=(𝐹𝐹𝐹𝐹𝐹𝐹𝑐𝑐𝑠𝑠 + 𝐹𝐹𝐹𝐹𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖) ∗ 𝐻𝐻𝐻𝐻𝑐𝑐𝑠𝑠2 + 𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂2 [11.6] 
With:   
 𝐹𝐹𝐹𝐹𝐹𝐹𝑡𝑡𝑠𝑠𝑡𝑡 Fractional Effective Dose total  [-]  
 𝐹𝐹𝐹𝐹𝐹𝐹𝜑𝜑𝑠𝑠 Fractional Effective Dose carbon monoxide [-]  
 𝐹𝐹𝐹𝐹𝐶𝐶𝑖𝑖𝑙𝑙𝑙𝑙 Fractional Effective Concentrations of irritants [-]  
 𝐻𝐻𝐻𝐻𝜑𝜑𝑠𝑠2 Hyperventilation factor [-]  
 𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂2 Fractional Effective Dose oxygen [-]  
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Fractional effective dose heat 
For exposures of up to 2 h to convected heat from air containing less than 10 % by volume of water 
vapor, the time (minutes) to incapacitation TIconv at a temperature T (°C) is calculated from: 

 

The radiant heat can be calculated with the following formula. 

 

With help of formulae 11.7 and 11.8 the Fractional Effective Dose (FED) can be calculated.  

 

It should be taken into account that at a lower than 2,5 kW/m² and a temperature lower than 120 °C, 
these values will become 0 and not be applicable. 

Carbon monoxide 
There is a relation to CO concentration and exposure time to %COHb. For the calculation of %COHb 
will make use of  the Liner Uptake Stewart Model the Exponential Coburn Forster Kane Model.  

 
In different studies, carbon monoxide is often used as the most important toxic component in a 
cellulose-like fire. The dose of carbon monoxide will be calculated using a FEDCO calculation. In the 
simulations is assume a maximum CO dose of 35.000 ppm/min. The hyperventilation factor of CO2 is 
used to define the CO dose. A FEDCO value of 0,3 is used for sensitive people. 

A third criterion that has been used is a minimum oxygen concentration of 60.000 ppm.  

 

  

 𝑑𝑑𝐼𝐼𝜑𝜑𝑠𝑠𝑛𝑛𝑙𝑙 (𝑠𝑠𝑠𝑠𝜑𝜑) = 3 ∙  109 ∙ 𝑇𝑇−3.4 [11.7] 
With:   
 𝑑𝑑𝐼𝐼𝜑𝜑𝑠𝑠𝑛𝑛𝑙𝑙  Maximum exposure time of convective heat [s]  
 T Temperature [°C]  

 𝑑𝑑𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙 (𝑠𝑠𝑠𝑠𝜑𝜑) = 80/q1.33 [11.8] 
With:   
 𝑑𝑑𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙  Maximum exposure time of radiant heat [s]  
 q Radiant heat [kW/m²]  

 
𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑠𝑠𝑒𝑒𝑒𝑒=  � (1/𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 1/𝑑𝑑𝑙𝑙𝜑𝜑𝑠𝑠𝑛𝑛𝑙𝑙

𝑡𝑡2

𝑡𝑡1
) ∗ ∆𝑑𝑑 [11.9] 

With:   
 𝐹𝐹𝐹𝐹𝐹𝐹ℎ𝑠𝑠𝑙𝑙𝑡𝑡 Fractional Effective Dose heat [-]  
 ∆; 𝑑𝑑 Exposure time [s]  

 %𝐶𝐶𝑂𝑂𝐻𝐻𝐶𝐶 = (3.317 ∙  10−5)(𝑝𝑝𝑝𝑝𝑚𝑚𝐶𝐶𝑂𝑂)1,036(𝐻𝐻𝐹𝐹)(𝑑𝑑) [11.10] 
With:   
 ppmCO CO concentration [ppm]  
 𝐻𝐻𝐹𝐹 Volume of air breather per minute [l/min]  
 t Exposure time [min]  
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 Calculations oxygen limits 
The heat release and the corresponding product generation rates go to zero when the lower oxygen 
limit is reached, and are replaced by the appropriate production rate of unburned fuel gas which is 
transported from zone to zone until there is sufficient oxygen and a high enough temperature to support 
combustion. The lower oxygen limit is treat from the NEN 6055 [83]. This NEN describes thermal load 
in a natural fire concept. In this rapport is given the figure below.  

 
Figure 11-42: Oxygen limits according NEN 6055 [83] 

This figure is giving the temperature of the zone versus the mass fraction of oxygen. In a normal situation 
of  20 °C or 293 Kelvin matches with a mass fraction oxygen of around 0,10 m/m. the mass oxygen can 
be calculated with the following equation.  

 

The mass oxygen per m3 is  0,1293 kg. And now is known the mass oxygen per m³ is it possible to 
calculate the relative volume of oxygen in a m³ air. The density of oxygen is 1,429 kg/m³ at 20   

 

Out this equation can be calculated that the total volume of oxygen is 0,0905 m³. This leads to a relative 
volume of 9,05% oxygen.  

Later, the temperature will increase when a fire grows. A fire in a residential apartment can develop till 
around 600 to 800 °C, what is equal to 900 till 1100 Kelvin. At this time is only 0,045 of the fractional 
doses oxygen necessary for a fire. In this rapport is the lower oxygen limit is set at 4%. From this 
moment, a fire will oxygen controlled.  

 
𝑀𝑀𝑣𝑣𝑠𝑠𝑠𝑠 𝑓𝑓𝑣𝑣𝑣𝑣𝜑𝜑𝑑𝑑𝑖𝑖𝜑𝜑𝑛𝑛 𝑂𝑂𝑥𝑥𝑂𝑂𝑂𝑂𝑒𝑒𝑛𝑛 =

𝑚𝑚𝑣𝑣𝑠𝑠𝑠𝑠 𝜑𝜑𝑓𝑓 𝑣𝑣𝑖𝑖𝑣𝑣 𝑝𝑝𝑒𝑒𝑣𝑣 𝑚𝑚3

𝑚𝑚𝑣𝑣𝑠𝑠𝑠𝑠 𝜑𝜑𝑥𝑥𝑂𝑂𝑂𝑂𝑒𝑒𝑛𝑛 𝑝𝑝𝑒𝑒𝑣𝑣 𝑚𝑚3 [11.11] 

  𝜌𝜌 =  
𝑚𝑚
𝐻𝐻

    [11.12] 

With:   
 ρ Density of oxygen [kg/m³]  
 m Total mass oxygen [kg]  
 V Total volume of oxygen [m³]  
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 RST – Analysis independent escape 
In the table below an overview of the selected parameters by an independent escape. 

RST-1 (escape) Value Chance Average SD Variancy 

Parameter 𝒙𝒙�𝒎𝒎 𝑷𝑷(𝒙𝒙�𝒎𝒎) 𝑷𝑷(𝒙𝒙) ∗ 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 
𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Gather belongings 12 0.57 7 9 45 

Get dressed & Gather belongings 27 0.31 8 -6 12 

Gather belongings & investigate 42 0.08 3 -21 36 

Get dressed & Gather belongings & investigate 57 0.04 2 -36 52 

Response time Average time: 21 Variance: 144 

Livingroom 25 0.44 11 -3 3 

Bedroom 1 21 0.28 6 1 0 

Bedroom 2 19 0.28 5 3 3 

Travel time Average time: 22 Variance: 7 
  RST= 347 s var(t) = 45814 
    s(t) = 214 s 

 

Based on the data from the table above, a probability distribution is shown below. The probability 
distribution indicates the probability of success for an independent escape over time. 
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 RST – Analysis fire service intervention 
In the table below an overview of the selected parameters by an intervention by the fire service. 

RST-2 (intervention) Value Chance Average SD Variancy 

Parameter 𝒙𝒙�𝒎𝒎 𝑷𝑷(𝒙𝒙�𝒎𝒎) 𝑷𝑷(𝒙𝒙) ∗ 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 
𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.80 464 133 14151 

Professionals 473 0.20 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1.00 366 233 54289 

Rescue time Average time: 366 Variance: 54289 
  RST= 1310 s var(t) = 117134 
    s(t) = 342 s 

 

Based on the data from the table above, a probability distribution is shown below. The probability 
distribution indicates the probability of success for an intervention by the fire service over time. 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Gallery flat 

Room Living room 

 

  Stochastic Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 180         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 180 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 150 0 30 900 0 

G.4 HRRPUA min 250 -0.30 -75 175 170 0 10 100 0 

G.5 HRRPUA max 250 0.50 125 375 160 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 50 -2 130 16900 0 

G.7 Time constant max 300 0.50 150 450 340 -1 -160 0 25600 

G.8 CO-yield min 1 4.00 4 5 180 0 0 0 0 

G.9 CO-yield max 1.0 5.00 5 6 180 0 0 0 0 

G.10 Soot-yield min 2.6 6.00 16 18 180 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 180 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 160 0 20 400 0 

G.13 Doors OR open 50 1.00 50 100.0 190 0 -10 0 100 

G.14 Doors OR closed 50 -0.99 -50 1 170 0 10 100 0 

G.15 Windows FR open 20 4.00 80 100 190 0 -10 0 100 

G.16 Windows FR closed 20 -1.00 -20 0 170 -1 10 100 0 

G.17 Windows OR open 20 4.00 80 100 180 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 190 1 -10 0 100 

G.19 Grills FR open 50 1.00 50 100 190 0 -10 0 100 

G.20 Grills FR closed 50 -1.00 -50 0 180 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 180 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 180 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 180 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 180 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 180 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 180 0 0 0 0 
     Variance: 18900 26000 
     St. deviation: 137 161 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Gallery flat 

Room Corridor 

 

 Stochastic  Sensitivity analyses Standard Deviation 
Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 180         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 180 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 160 0 20 400 0 

G.4 HRRPUA min 250 -0.30 -75 175 190 0 -10 0 100 

G.5 HRRPUA max 250 0.50 125 375 160 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 60 -2 120 14400 0 

G.7 Time constant max 300 0.50 150 450 310 -1 -130 0 16900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 180 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 180 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 180 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 180 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 170 0 10 100 0 

G.13 Doors OR open 50 1.00 50 100.0 190 0 -10 0 100 

G.14 Doors OR closed 50 -0.99 -50 1 160 0 20 400 0 

G.15 Windows FR open 20 4.00 80 100 190 0 -10 0 100 

G.16 Windows FR closed 20 -1.00 -20 0 180 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 180 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 180 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 180 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 180 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 180 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 180 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 180 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 180 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 180 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 180 0 0 0 0 
     Variance: 15700 17200 
     St. deviation: 125 131 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Gallery flat 

Room Bedroom-1 

 

 Stochastic  Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 180         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 170 0 10 100 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 170 0 10 100 0 

G.4 HRRPUA min 250 -0.30 -75 175 190 0 -10 0 100 

G.5 HRRPUA max 250 0.50 125 375 160 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 60 -2 120 14400 0 

G.7 Time constant max 300 0.50 150 450 290 -1 -110 0 12100 

G.8 CO-yield min 1 4.00 4 5 180 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 180 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 180 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 180 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 200 0 -20 0 400 

G.13 Doors OR open 50 1.00 50 100.0 190 0 -10 0 100 

G.14 Doors OR closed 50 -0.99 -50 1 220 1 -40 0 1600 

G.15 Windows FR open 20 4.00 80 100 180 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 180 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 180 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 180 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 180 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 180 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 180 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 180 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 180 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 180 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 180 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 180 0 0 0 0 
     Variance: 15000 14300 
     St. deviation: 122 120 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Gallery flat 

Room Bedroom-2 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 240         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 240 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 270 0 -30 0 900 

G.4 HRRPUA min 250 -0.30 -75 175 260 0 -20 0 400 

G.5 HRRPUA max 250 0.50 125 375 210 0 30 900 0 

G.6 Time constant min 300 -0.25 -75 225 100 -2 140 19600 0 

G.7 Time constant max 300 0.50 150 450 430 -1 -190 0 36100 

G.8 CO-yield min 1 -0.60 -1 0 240 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 240 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 320 44 -80 0 6400 

G.11 Soot-yield max 2.6 7.00 18 21 190 3 50 2500 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 16 -1560 0 2433600 

G.13 Doors OR open 50 1.00 50 100.0 190 1 50 2500 0 

G.14 Doors OR closed 50 -0.99 -50 1 230 0 10 100 0 

G.15 Windows FR open 20 4.00 80 100 270 0 -30 0 900 

G.16 Windows FR closed 20 -1.00 -20 0 230 -1 10 100 0 

G.17 Windows OR open 20 4.00 80 100 260 0 -20 0 400 

G.18 Windows OR closed 20 -1.00 -20 0 240 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 250 0 -10 0 100 

G.20 Grills FR closed 50 -1.00 -50 0 240 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 250 0 -10 0 100 

G.22 Grills OR closed 50 -1.00 -50 0 240 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 250 0 -10 0 100 

G.24 Mech vent off 100 -1.00 -100 0 240 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 240 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 250 -100 -10 0 100 
     Variance: 25700 2479100 
     St. deviation: 160 1575 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Gallery flat 

Room Living room 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 190         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 190 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 180 0 10 100 0 

G.4 HRRPUA min 250 -0.30 -75 175 220 0 -30 0 900 

G.5 HRRPUA max 250 0.50 125 375 160 0 30 900 0 

G.6 Time constant min 300 -0.25 -75 225 50 -2 140 19600 0 

G.7 Time constant max 300 0.50 150 450 350 -1 -160 0 25600 

G.8 CO-yield min 1 -0.60 -1 0 180 -17 10 100 0 

G.9 CO-yield max 1.0 7.00 7 8 180 1 10 100 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 190 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 190 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 180 0 10 100 0 

G.13 Doors OR open 50 1.00 50 100.0 190 0 0 0 0 

G.14 Doors OR closed 50 -0.99 -50 1 180 0 10 100 0 

G.15 Windows FR open 20 4.00 80 100 190 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 180 -1 10 100 0 

G.17 Windows OR open 20 4.00 80 100 190 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 190 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 190 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 190 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 190 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 190 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 190 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 190 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 190 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 190 0 0 0 0 
     Variance: 21100 26500 
     St. deviation: 145 163 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Gallery flat 

Room Corridor 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 230         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 230 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 230 0 0 0 0 

G.4 HRRPUA min 250 -0.30 -75 175 270 1 -40 0 1600 

G.5 HRRPUA max 250 0.50 125 375 190 0 40 1600 0 

G.6 Time constant min 300 -0.25 -75 225 70 -2 160 25600 0 

G.7 Time constant max 300 0.50 150 450 420 -1 -190 0 36100 

G.8 CO-yield min 1 -0.60 -0.60 0.4 230 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 230 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 230 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 230 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 16 -1570 0 2464900 

G.13 Doors OR open 50 1.00 50 100.0 240 0 -10 0 100 

G.14 Doors OR closed 50 -0.99 -50 1 250 0 -20 0 400 

G.15 Windows FR open 20 4.00 80 100 250 0 -20 0 400 

G.16 Windows FR closed 20 -1.00 -20 0 230 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 230 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 240 1 -10 0 100 

G.19 Grills FR open 50 1.00 50 100 240 0 -10 0 100 

G.20 Grills FR closed 50 -1.00 -50 0 230 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 240 0 -10 0 100 

G.22 Grills OR closed 50 -1.00 -50 0 240 0 -10 0 100 

G.23 Mech vent 150% 100 0.50 50 150 240 0 -10 0 100 

G.24 Mech vent off 100 -1.00 -100 0 240 0 -10 0 100 

G.25 Facade leakage min 0.1 -0.90 0 0.01 240 111 -10 0 100 

G.26 Facade leakage max 0.1 1.00 0 0.2 240 -100 -10 0 100 
     Variance: 27200 2504300 
     St. deviation: 165 1582 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Gallery flat 

Room Bedroom-1 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 400         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 370 0 30 900 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 320 0 80 6400 0 

G.4 HRRPUA min 250 -0.30 -75 175 390 0 10 100 0 

G.5 HRRPUA max 250 0.50 125 375 400 0 0 0 0 

G.6 Time constant min 300 -0.25 -75 225 290 -1 110 12100 0 

G.7 Time constant max 300 0.50 150 450 630 -2 -230 0 52900 

G.8 CO-yield min 1 -0.60 -1 0 400 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 330 10 70 4900 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 400 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 770 -20 -370 0 136900 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 14 -1400 0 1960000 

G.13 Doors OR open 50 1.00 50 100.0 420 0 -20 0 400 

G.14 Doors OR closed 50 -0.99 -50 1 1800 28 -1400 0 1960000 

G.15 Windows FR open 20 4.00 80 100 350 1 50 2500 0 

G.16 Windows FR closed 20 -1.00 -20 0 400 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 330 1 70 4900 0 

G.18 Windows OR closed 20 -1.00 -20 0 400 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 400 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 400 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 400 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 350 -1 50 2500 0 

G.23 Mech vent 150% 100 0.50 50 150 400 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 390 0 10 100 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 400 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 400 0 0 0 0 
     Variance: 34400 4110200 
     St. deviation: 185 2027 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Gallery flat 

Room Bedroom-2 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 1800         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 1800 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 1800 0 0 0 0 

G.4 HRRPUA min 250 -0.30 -75 175 1800 0 0 0 0 

G.5 HRRPUA max 250 0.50 125 375 1800 0 0 0 0 

G.6 Time constant min 300 -0.25 -75 225 1800 0 0 0 0 

G.7 Time constant max 300 0.50 150 450 1800 0 0 0 0 

G.8 CO-yield min 1 4.00 4 5 1800 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 1870 -10 -70 0 4900 

G.10 Soot-yield min 2.6 -0.70 -2 1 1800 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 1800 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 0 0 0 0 

G.13 Doors OR open 50 1.00 50 100.0 440 27 1360 1849600 0 

G.14 Doors OR closed 50 -0.99 -50 1 1800 0 0 0 0 

G.15 Windows FR open 20 4.00 80 100 1800 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 1800 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 1800 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 1800 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 1800 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 1800 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 1800 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 1800 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 1800 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 1800 0 0 0 0 
     Variance: 1849600 4900 
     St. deviation: 1360 70 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Apartment block 

Room Living room 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 180         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 180 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 180 0 0 0 0 

G.4 HRRPUA min 250 -0.30 -75 175 170 0 10 100 0 

G.5 HRRPUA max 250 0.50 125 375 160 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 50 -2 130 16900 0 

G.7 Time constant max 300 0.50 150 450 350 -1 -170 0 28900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 180 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 180 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 180 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 180 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 160 0 20 400 0 

G.13 Doors OR open 50 1.00 50 100.0 180 0 0 0 0 

G.14 Doors OR closed 50 -0.99 -50 1 170 0 10 100 0 

G.15 Windows FR open 20 4.00 80 100 190 0 -10 0 100 

G.16 Windows FR closed 20 -1.00 -20 0 170 -1 10 100 0 

G.17 Windows OR open 20 4.00 80 100 180 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 180 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 180 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 170 0 10 100 0 

G.21 Grills OR open 50 1.00 50 100 180 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 180 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 180 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 180 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 -0.09 0.01 180 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0.10 0.2 180 0 0 0 0 
     Variance: 18100 29000 
     St. deviation: 135 170 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Apartment block 

Room Corridor 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 190         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 190 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 180 0 10 100 0 

G.4 HRRPUA min 250 -0.30 -75 175 200 0 -10 0 100 

G.5 HRRPUA max 250 0.50 125 375 170 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 60 -2 130 16900 0 

G.7 Time constant max 300 0.50 150 450 320 -1 -130 0 16900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 190 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 190 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 200 5 -10 0 100 

G.11 Soot-yield max 2.6 7.00 18 21 180 1 10 100 0 

G.12 Door FR closed 100 -1.00 -100 0.5 160 0 30 900 0 

G.13 Doors OR open 50 1.00 50 100.0 160 1 30 900 0 

G.14 Doors OR closed 50 -0.99 -50 1 160 -1 30 900 0 

G.15 Windows FR open 20 4.00 80 100 180 0 10 100 0 

G.16 Windows FR closed 20 -1.00 -20 0 180 -1 10 100 0 

G.17 Windows OR open 20 4.00 80 100 180 0 10 100 0 

G.18 Windows OR closed 20 -1.00 -20 0 180 -1 10 100 0 

G.19 Grills FR open 50 1.00 50 100 180 0 10 100 0 

G.20 Grills FR closed 50 -1.00 -50 0 190 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 190 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 190 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 190 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 190 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 190 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 190 0 0 0 0 
     Variance: 20700 17100 
     St. deviation: 144 131 

 

  



 
180 
 

Simulations Data 

Criteria AST 1 – Escape conditions 

Building Apartment block 

Room Bedroom-1 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 190         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 190 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 180 0 10 100 0 

G.4 HRRPUA min 250 -0.30 -75 175 200 0 -10 0 100 

G.5 HRRPUA max 250 0.50 125 375 180 0 10 100 0 

G.6 Time constant min 300 -0.25 -75 225 70 -2 120 14400 0 

G.7 Time constant max 300 0.50 150 450 320 -1 -130 0 16900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 190 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 190 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 190 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 190 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 16 -1610 0 2592100 

G.13 Doors OR open 50 1.00 50 100.0 190 0 0 0 0 

G.14 Doors OR closed 50 -0.99 -50 1 230 1 -40 0 1600 

G.15 Windows FR open 20 4.00 80 100 190 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 190 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 190 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 190 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 190 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 190 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 190 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 190 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 190 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 190 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 190 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 190 0 0 0 0 
     Variance: 14600 2610700 
     St. deviation: 121 1616 
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Simulations Data 

Criteria AST 1 – Escape conditions 

Building Apartment block 

Room Bedroom-2 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 1800         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 1800 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 210 0 1590 2528100 0 

G.4 HRRPUA min 250 -0.30 -75 175 1800 0 0 0 0 

G.5 HRRPUA max 250 0.50 125 375 210 13 1590 2528100 0 

G.6 Time constant min 300 -0.25 -75 225 1800 0 0 0 0 

G.7 Time constant max 300 0.50 150 450 1800 0 0 0 0 

G.8 CO-yield min 1 -0.60 -0.60 0.4 1800 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 1800 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 1800 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 1800 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 340 -15 1460 2131600 0 

G.13 Doors OR open 50 1.00 50 100.0 190 32 1610 2592100 0 

G.14 Doors OR closed 50 -0.99 -50 1 220 -32 1580 2496400 0 

G.15 Windows FR open 20 4.00 80 100 1800 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 1800 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 1800 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 220 -79 1580 2496400 0 

G.19 Grills FR open 50 1.00 50 100 1800 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 1800 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 1800 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 1800 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 1800 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 1800 0 0 0 0 
     Variance: 14772700 0 
     St. deviation: 3844 0 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Apartment block 

Room Living room 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 180         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 190 0 -10 0 100 

G.3 Heat of combustion max 17500 0.90 15750 33250 190 0 -10 0 100 

G.4 HRRPUA min 250 -0.30 -75 175 220 1 -40 0 1600 

G.5 HRRPUA max 250 0.50 125 375 160 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 50 -2 130 16900 0 

G.7 Time constant max 300 0.50 150 450 350 -1 -170 0 28900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 180 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 180 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 180 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 180 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 180 0 0 0 0 

G.13 Doors OR open 50 1.00 50 100.0 180 0 0 0 0 

G.14 Doors OR closed 50 -0.99 -50 1 180 0 0 0 0 

G.15 Windows FR open 20 4.00 80 100 190 0 -10 0 100 

G.16 Windows FR closed 20 -1.00 -20 0 180 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 180 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 180 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 180 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 180 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 180 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 180 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 190 0 -10 0 100 

G.24 Mech vent off 100 -1.00 -100 0 180 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 180 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 180 0 0 0 0 
     Variance: 17300 30900 
     St. deviation: 132 176 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Apartment block 

Room Corridor 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 220         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 220 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 240 0 -20 0 400 

G.4 HRRPUA min 250 -0.30 -75 175 250 0 -30 0 900 

G.5 HRRPUA max 250 0.50 125 375 200 0 20 400 0 

G.6 Time constant min 300 -0.25 -75 225 60 -2 160 25600 0 

G.7 Time constant max 300 0.50 150 450 390 -1 -170 0 28900 

G.8 CO-yield min 1 -0.60 -0.60 0.4 220 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 220 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 220 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 220 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 16 -1580 0 2496400 

G.13 Doors OR open 50 1.00 50 100.0 240 0 -20 0 400 

G.14 Doors OR closed 50 -0.99 -50 1 230 0 -10 0 100 

G.15 Windows FR open 20 4.00 80 100 230 0 -10 0 100 

G.16 Windows FR closed 20 -1.00 -20 0 220 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 230 0 -10 0 100 

G.18 Windows OR closed 20 -1.00 -20 0 230 1 -10 0 100 

G.19 Grills FR open 50 1.00 50 100 230 0 -10 0 100 

G.20 Grills FR closed 50 -1.00 -50 0 220 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 220 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 220 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 220 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 220 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 220 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 220 0 0 0 0 
     Variance: 26000 2527500 
     St. deviation: 161 1590 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Apartment block 

Room Bedroom-1 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 400         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 380 0 20 400 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 330 0 70 4900 0 

G.4 HRRPUA min 250 -0.30 -75 175 330 -1 70 4900 0 

G.5 HRRPUA max 250 0.50 125 375 400 0 0 0 0 

G.6 Time constant min 300 -0.25 -75 225 250 -2 150 22500 0 

G.7 Time constant max 300 0.50 150 450 640 -2 -240 0 57600 

G.8 CO-yield min 1 -0.60 -0.60 0.4 490 150 -90 0 8100 

G.9 CO-yield max 1.0 7.00 7 8 320 11 80 6400 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 300 -55 100 10000 0 

G.11 Soot-yield max 2.6 7.00 18 21 330 4 70 4900 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 14 -1400 0 1960000 

G.13 Doors OR open 50 1.00 50 100.0 850 -9 -450 0 202500 

G.14 Doors OR closed 50 -0.99 -50 1 1800 28 -1400 0 1960000 

G.15 Windows FR open 20 4.00 80 100 320 1 80 6400 0 

G.16 Windows FR closed 20 -1.00 -20 0 800 20 -400 0 160000 

G.17 Windows OR open 20 4.00 80 100 1800 -18 -1400 0 1960000 

G.18 Windows OR closed 20 -1.00 -20 0 790 20 -390 0 152100 

G.19 Grills FR open 50 1.00 50 100 330 1 70 4900 0 

G.20 Grills FR closed 50 -1.00 -50 0 410 0 -10 0 100 

G.21 Grills OR open 50 1.00 50 100 410 0 -10 0 100 

G.22 Grills OR closed 50 -1.00 -50 0 410 0 -10 0 100 

G.23 Mech vent 150% 100 0.50 50 150 410 0 -10 0 100 

G.24 Mech vent off 100 -1.00 -100 0 410 0 -10 0 100 

G.25 Facade leakage min 0.1 -0.90 0 0.01 410 111 -10 0 100 

G.26 Facade leakage max 0.1 1.00 0 0.2 410 -100 -10 0 100 
     Variance: 65300 6461000 
     St. deviation: 256 2542 
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Simulations Data 

Criteria AST 2 – Surviving conditions 

Building Apartment block 

Room Bedroom-2 

 

 Stochastic Aver. Sensitivity analyses Standard Deviation 

Nr Parameter 𝒙𝒙𝒎𝒎 𝒅𝒅𝒙𝒙𝒎𝒎 𝑺𝑺𝒎𝒎  𝒙𝒙 + 𝒅𝒅𝒙𝒙 𝒕𝒕(𝒔𝒔) 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅𝒙𝒙 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 (𝒔𝒔 ∗ 𝒅𝒅𝒕𝒕/𝒅𝒅)𝟐𝟐 
G.1 AST reference 1800         

G.2 Heat of combustion min 17500 -0.14 -2450 15050 1800 0 0 0 0 

G.3 Heat of combustion max 17500 0.90 15750 33250 1800 0 0 0 0 

G.4 HRRPUA min 250 -0.30 -75 175 1800 0 0 0 0 

G.5 HRRPUA max 250 0.50 125 375 1800 0 0 0 0 

G.6 Time constant min 300 -0.25 -75 225 1800 0 0 0 0 

G.7 Time constant max 300 0.50 150 450 1800 0 0 0 0 

G.8 CO-yield min 1 -0.60 -0.60 0.4 1800 0 0 0 0 

G.9 CO-yield max 1.0 7.00 7 8 1800 0 0 0 0 

G.10 Soot-yield min 2.6 -0.70 -2 1 1800 0 0 0 0 

G.11 Soot-yield max 2.6 7.00 18 21 1800 0 0 0 0 

G.12 Door FR closed 100 -1.00 -100 0.5 1800 0 0 0 0 

G.13 Doors OR open 50 1.00 50 100.0 850 19 950 902500 0 

G.14 Doors OR closed 50 -0.99 -50 1 1800 0 0 0 0 

G.15 Windows FR open 20 4.00 80 100 1800 0 0 0 0 

G.16 Windows FR closed 20 -1.00 -20 0 1800 0 0 0 0 

G.17 Windows OR open 20 4.00 80 100 1800 0 0 0 0 

G.18 Windows OR closed 20 -1.00 -20 0 1800 0 0 0 0 

G.19 Grills FR open 50 1.00 50 100 1800 0 0 0 0 

G.20 Grills FR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.21 Grills OR open 50 1.00 50 100 1800 0 0 0 0 

G.22 Grills OR closed 50 -1.00 -50 0 1800 0 0 0 0 

G.23 Mech vent 150% 100 0.50 50 150 1800 0 0 0 0 

G.24 Mech vent off 100 -1.00 -100 0 1800 0 0 0 0 

G.25 Facade leakage min 0.1 -0.90 0 0.01 1800 0 0 0 0 

G.26 Facade leakage max 0.1 1.00 0 0.2 1800 0 0 0 0 
     Variance: 902500 0 
     St. deviation: 950 0 
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 AST-RST  
As discussed in section 5.1, the probability of success can be determined by determining an AST-RST. 
The following figures provide an overview of the probability distribution per room and per building type 
in the reference situation.  

 AST-RST Living room  
The following two figures show the chance of success of an independent flight attempt in red. The 
chance of success of an intervention by the fire service is shown in blue. The first figure shows the chance 
of success in the gallery flat and the second figure shows the chance of success in the apartment block. 
The two figures present results about the living room. 

For this, the average value of the AST is reduced by the average value of the RST. The standard deviation 
is determined by the sum of the partial variances. 

 
Figure 11-43: Probability distribution of two AST-RST scenarios in living room of gallery flat. 

 

 
Figure 11-44: Probability of two AST-RST scenarios in living room of apartment block. 

Both figures show that the chance of success is very small. This is because in both scenarios the average 
values of AST are narrower than the average value of the RST. In these scenarios, fire safety can be 
increased by increasing the average value of the AST, reducing the average value of the RST or a 
combination of both. 
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 AST-RST Corridor  
The following two figures show the chance of success of an independent flight attempt in red. The 
chance of success of an intervention by the fire service is shown in blue. The first figure shows the chance 
of success in the gallery flat and the second figure shows the chance of success in the apartment block. 
The two figures present results about the corridor. 

For this, the average value of the AST is reduced by the average value of the RST. The standard deviation 
is determined by the sum of the partial variances. 

 
Figure 11-45: Probability distribution of two AST-RST scenarios in corridor of gallery flat.  

 

 
Figure 11-46: Probability distribution of two AST-RST scenarios in corridor of apartment block. 

 

Both figures show that the chance of success is very small. This is because in both scenarios the average 
values of AST are narrower than the average value of the RST. In these scenarios, fire safety can be 
increased by increasing the average value of the AST, reducing the average value of the RST or a 
combination of both.  
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 AST-RST Bedroom 1  
The following two figures show the chance of success of an independent flight attempt in red. The 
chance of success of an intervention by the fire service is shown in blue. The first figure shows the chance 
of success in the gallery flat and the second figure shows the chance of success in the apartment block. 
The two figures present results about bedroom 1. 

For this, the average value of the AST is reduced by the average value of the RST. The standard deviation 
is determined by the sum of the partial variances. 

 

 
Figure 11-47: Probability distribution of two AST-RST scenarios in bedroom 1 of gallery flat. 

 

 
Figure 11-48: Probability distribution of two AST-RST scenarios in bedroom 1 of apartment block. 

 

Both figures show that the chance of success is very small. This is because in both scenarios the average 
values of AST are narrower than the average value of the RST. In these scenarios, fire safety can be 
increased by increasing the average value of the AST, reducing the average value of the RST or a 
combination of both. 
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 AST-RST Bedroom 2  
The following two figures show the chance of success of an independent flight attempt in red. The 
chance of success of an intervention by the fire service is shown in blue. The first figure shows the chance 
of success in the gallery flat and the second figure shows the chance of success in the apartment block. 
The two figures present results about bedroom 2. 

For this, the average value of the AST is reduced by the average value of the RST. The standard deviation 
is determined by the sum of the partial variances. 

 

 
Figure 11-49: Probability distribution of two AST-RST scenarios in bedroom 2 of gallery flat. 

 

 
Figure 11-50: Probability distribution of two AST-RST scenarios in bedroom 2 of apartment block. 

 

Both chances show a good chance of success. In both scenarios, the average AST is greater than the 
average RST. In the gallery flat, the chance of success through an intervention by the fire brigade is 
greater than the chance of an independent escape attempt. In the apartment block the chance of an 
independent escape attempt is greater than the chance of success through an intervention at the fire 
service. Fire safety can be increased by reducing the uncertainty.  
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 Smoke detector density 
This section describes the calculations that were made when increasing the smoke detector density. 
This section is an addition to 6.1.1 (smoke detector density). 

Three levels of smoke detector density will investigated: 

• Density of 88% 
• Density of 97% 
• Density of 100% 

An event tree and probability calculation are drawn up separately for each smoke detector density. 

 

 Density 88% 
In this calculation, the smoke detector density is increased to 88%. A new event tree has been created 
for this. 

 
Figure 11-51: Event tree detection time smoke detector density 88%. 

A new detection time and associated variance are calculated based on the chances in this event tree. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Person in fire room 30 16% 4.8 -214.2 7342 

Detector corridor (door open) 107 17% 18.2 -137.2 3201 

Detector corridor (door closed) 186 12% 22.3 -58.2 407 

Flashover 270 47% 126.9 25.8 313 

No detection 900 8% 72.0 655.8 34405 
 Total: 100.0% var(t) = 45666 

 s(t) = 214 s 
 Detection time = 244 s 

Table 11-16: Detection time smoke detector density 88%. 
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 Density 97% 
In this calculation, the smoke detector density is increased to 97%. A new event tree has been created 
for this. 

 
Figure 11-52: Event tree detection time smoke detector density 97%. 

 

A new detection time and associated variance are calculated based on the chances in this event tree. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Person in fire room 30 17% 5.1 -197.3 6618 

Detector corridor (door open) 107 21% 22.5 -120.3 3040 

Detector corridor (door closed) 186 14% 26.0 -41.3 239 

Flashover 270 41% 110.7 42.7 747 

No detection 900 7% 63.0 672.7 31676 

 Total: 100.0% var(t) = 42320 

 s(t) = 206 s 

 Detection time = 227 s 

Table 11-17: Detection time smoke detector density 97%. 
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 Density 100% 
In this calculation, the smoke detector density is increased to 100%. A new event tree has been created 
for this. 

 
Figure 11-53: Event tree detection time smoke detector density 100%. 

 

A new detection time and associated variance are calculated based on the chances in this event tree. 

Table 11-18: Detection time smoke detector density 100%.  

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Person in fire room 30 17% 5.1 -197.3 6618 

Detector corridor (door open) 107 21% 22.5 -120.3 3040 

Detector corridor (door closed) 186 14% 26.0 -41.3 239 

Flashover 270 41% 110.7 42.7 747 

No detection 900 7% 63.0 672.7 31676 
 Total: 100.0% Variance(t) = 42320 

   s(t) = 206 s 
   Detection time = 227 s 
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 Smoke detector levels 
An event tree is displayed per scenario. Four different situations are being investigated. A reference 
situation and 3 levels of safety. This section is an addition to 6.1.2 (Smoke detector levels). In this report 
is made an difference between three different levels of location of smoke detectors [76].  

Level of safety Description 

1 Smoke detectors are placed in the traffic rooms 

2 Smoke detectors are connected and presence in every room where people can sleep 

3 Smoke detectors or heat detectors are connected and in every potential fire room. 

Table 11-19: Overview of different experiments. [28] 

In the bathroom and in the kitchen, it is better to install a heat detector than a smoke detector. This is 
because a lot of steam can develop due to boiling and showering, which can lead to a false alarm.  

 Detection time – Reference 
In the reference situation, it is assumed that there is a smoke detector density of 65,5%. If a smoke 
detector is present, only one smoke detector is present. The smoke detector is placed in the traffic area. 
The smoke detector is working with batteries and the chance that this smoke detector works properly 
is 75%. 

 
Figure 11-54: Event tree detection time reference situation. 

A new calculation is made based on the probability distribution from the event tree over the average 
detection time and the associated standard deviation. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Person in fire room 30 16.0% 4.8 -228.2 8331 

Detector corridor (door open) 107 11.0% 11.8 -151.2 2514 

Detector corridor (door closed) 186 7.0% 13.0 -72.2 365 

Flashover 270 58.0% 156.6 11.8 81 

No detection 900 8.0% 72.0 641.8 32954 
 Total: 100.0% var(t) = 44245 
   s(t) = 210 s 
   Detection time = 258 s 

Table 11-20: Detection time reference situation. 
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 Detection time - Level 1 
With smoke detector safety level 1, a smoke detector density of 100% is assumed. This is based on only 
1 smoke detector in the traffic area. The smoke detector is connected to both the mains and a battery, 
the chance that it works well is 93%. 

 
Figure 11-55: Event tree detection time smoke detector safety level 1. 

A new calculation is made based on the probability distribution from the event tree over the average 
detection time and the associated standard deviation. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Person in fire room 30 17.0% 5.1 -196.5 6562 

Detector corridor (door open) 107 21.0% 22.5 -119.5 2997 

Detector corridor (door closed) 186 15.0% 27.9 -40.5 246 

Flashover 270 40.0% 108.0 43.5 758 

No detection 900 7.0% 63.0 673.5 31755 

 Total: 100.0% var(t) = 42318 

   s(t) = 206 s 

   Detection time = 227 s 

Table 11-21: Detection time smoke detector safety level 1. 
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 Detection time – Level 2 
With smoke detector safety level 2, a smoke detector density of 100% is assumed. This is based on one 
smoke detector in the traffic area, one smoke detector in the living room and one smoke detector in de 
bedroom. The smoke detector is connected to both the mains and a battery, the chance that it works 
well is 93% per smoke detector. 

 
Figure 11-56: Event tree detection time smoke detector safety level 2. 

A new calculation is made based on the probability distribution from the event tree over the average 
detection time and the associated standard deviation. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Person in fire room 30 17.0% 5.1 -38.4 251 

Smoke detector 54 75.3% 40.7 -14.4 157 

Flashover 270 7.4% 20.0 201.6 3006 

No detection 900 0.3% 2.7 831.6 2074 

 Total: 100.0% var(t) = 5489 

   s(t) = 74 s 

   Detection time = 68 s 

Table 11-22: Detection time smoke detector safety level 2. 
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 Detection time – Level 3 
With smoke detector safety level 3, a smoke detector density of 100% is assumed. This is based on one 
smoke detector in the traffic area, one smoke detector in the living room and one smoke detector in de 
bedroom. In this case also two heat detectors are placed, one in the bathroom and one in the kitchen. 
The smoke detector is connected to both the mains and a battery, the chance that it works well is 93% 
per smoke detector. 

 
Figure 11-57: Event tree detection time smoke detector safety level 3. 

A new calculation is made based on the probability distribution from the event tree over the average 
detection time and the associated standard deviation. 

Detection (s) 

Detection parameter: 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Person in fire room 30 17.0% 5.1 -27.1 124 

Smoke detector 42 75.5% 31.7 -15.1 171 

No detection 270 7.5% 20.3 212.9 3401 

 Total: 100.0% var(t) = 3696 

   s(t) = 61 s 

   Detection time = 57 s 

Table 11-23: Detection time smoke detector safety level 3. 
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 Reporting neighbors 
This paragraph explains the calculations for neighboring assistance. This section is an addition to 6.1.3 
(reporting neighbors). 

 RST intervention by neighbors 
The RST for neighborhood assistance is calculated from the moment the fire starts until the moment a 
person arrives at the room in which the fire or where the victim is located. From that moment the fire is 
detected by the neighbor and it is assumed that the fire is immediately reported. A smoke detector 
level 2 is used with the help of the smart smoke detectors. This means a reporting time of approximately 
54 seconds with a standard deviation of 10 seconds. A neighbor's intervention requires approximately 
2 minutes (120 seconds) with a standard deviation of 40 seconds. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Detection time (level 2) 54 1 54 10 100 

Detection time Average time: 54 Variance: 100 

Intervention by neighbors 120 1 120 40 1600 

Intervention time Average time: 120 Variance: 1600 
  RST= 174 s var(t) = 1700 
    s(t) = 41 s 

Table 11-24: RST for intervention by neighbors.  

From the moment a person arrive at the building, the person who comes to help makes a choice as to 
whether he or she can extinguish the fire or evacuate the person. This is done based on the AST-1 
criteria. Because a person enters the corridor, this room is used as a reference. The chance of a fire in 
the gallery flat is just as great as the chance in the apartment block, both 50%. The data from the AST-
1 determination in the corridor of the gallery flat and the apartment block are used. 

Parameter 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  (𝒎𝒎𝒎𝒎𝒎𝒎) 𝑺𝑺𝒎𝒎 (𝒎𝒎𝑽𝑽𝒙𝒙)  
RST 1 174 41 41 

AST 1 -GAL 0.5 180 125 131 

AST 1 -APP 0.5 190 144 131 

Table 11-25: AST for intervention by neighbors. 

The probability of success can be calculated by AST-RST. The figure below shows the chance of success 
is approximately 80%. 
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Figure 11-58: AST-RST (escape) for intervention by neighbors. 

Whether an intervention succeeds depends on the location of a victim and the location of a fire. 
Research shows that in 55% of the cases a victim is in the same room as a fire. Given the time required, 
it is assumed that an intervention will only succeed if the person is in a room other than the fire. In 45% 
of the fire is in a different room than the victim. With the help of this data, the probability of different 
events is calculated using an event tree. 

 
Figure 11-59: Event tree of assistance by neighbors. 

A new RST is determined on the basis of a 32% probability of an intervention carried out by neighbors. 
32% is equated to the time required for an intervention. In other 43% the fire is reported by the 
neighbors, what reduces the detection time. The remaining 25% is calculated in the old situation. 

 RST detection time level 2 
Because a level 2 detection is assumed in this situation, a new RST-2 calculation is made for a situation 
with no intervention. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Detection level 2 68.4 1 68 74 5476 

Detection time Average time: 68 Variance: 5476 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 
  RST= 1121 s var(t) = 77586 
    s(t) = 279 s 
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 RST reporting by neighbors 
A new RST-2 calculation is made for a situation with reporting fire by neighbors. 

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Detection, discover and report time 162 1 162 41 1700 

Reporting time Average time: 162 Variance: 1700 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 

 RST = 1087 s var(t) = 72303 

    s(t) = 269 s 

 

 RST total 
The RST-2 calculation with three different scenario’s. The value x is based on the average time in the 
scenario. The P(x) is based on the probability from the event tree.  

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

RST 2 -Intervention by neighbors 174 0.32 56 41 538 

RST 2 -Intervention by fire service, reporting by 
neighbors 

1099 0.43 472 269 31090 

RST 2 - Intervention by fire service 1121 0.25 280 279 19460 

 RST = 808 s var(t)= 51089 

    s(t) = 226 s 

 
The following figure shows the probability distribution of the new RST with the intervention of the 
neighbors, and the old RST. 

 
Figure 11-60: Probability distribution of RST-2 in reference situation and with neighbor assistance.  
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 Civilian assistance 
This paragraph explains the calculations for civilian assistance. This section is an addition to 6.1.4 (civilian 
assistance). 

 RST intervention by civilian 
The RST for civilian assistance is calculated from the moment the fire starts until the moment a person 
arrives at the room in which the fire or where the victim is located. From that moment the fire is detected 
by the civilian assistance and it is assumed that the fire is immediately reported.  

A smoke detector level 2 is used with the help of the smart smoke detectors. This means a reporting 
time of approximately 54 seconds with a standard deviation of 10 seconds. A civilian intervention 
requires approximately 3 minutes (180 seconds) with a standard deviation of 80 seconds. This 
corresponds to the provision of civilian assistance in resuscitation as they are currently being applied in 
the Netherlands. 

The table below shows the calculation of an intervention by the civil assistance. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Detection time (level 2) 54 1 54 10 100 

Detection time Average time: 54 Variance: 100 

Intervention by neighbors 180 1 180 80 6400 

Intervention time Average time: 180 Variance: 6400 

  RST= 234 s var(t) = 6500 

    s(t) = 81 s 

 

From the moment a person arrive at the building, the person who comes to help makes a choice as to 
whether he or she can extinguish the fire or evacuate the person. This depends on the room conditions. 
The AST calculations show that a room (corridor) can enter for an average of 185 seconds. 

A probability distribution is made to determine the chance of success of an intervention by the civil 
services. The probability distribution is made based on the RST calculation of an intervention by the 
citizen assistance. This shows that in 185 seconds there is approximately a 35% chance of success. 

 
Figure 11-61: Probability distribution of response time civilian assistance. 
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Whether an intervention succeeds depends on the location of a victim and the location of a fire. 
Research shows that in 55% of the cases a victim is in the same room as a fire. Given the time required, 
it is assumed that an intervention will only succeed if the person is in a room other than the fire. In 45% 
of the fire is in a different room than the victim. 

With the help of this data, the probability of different events is calculated using an event tree. 

 
Figure 11-62: Event tree of assistance by civilians. 

A new RST is determined on the basis of a 15% probability of an intervention carried out by civilians. 
15% is equated to the time required for an intervention. In other 80% the fire is reported by the 
neighbors, what influences the detection time. The remaining 5% is calculated in the old situation. 

 RST detection time level 2 
Because a level 2 detection is assumed in this situation, a new RST-2 calculation is made for a situation 
with no intervention. 

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Detection level 2 68.4 1 68 74 5476 

Detection time Average time: 68 Variance: 5476 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 
  RST= 1121 s var(t) = 77586 
    s(t) = 279 s 
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 RST reporting by civilians 
A new RST-2 calculation is made for a situation with reporting fire by civilians. 

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Detection, discover and report time 234 1 234 81 6500 

Reporting time Average time: 234 Variance: 6500 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 

  RST= 1159 s var(t) = 77103 

    s(t) = 278 s 

 

 RST total 
The RST-2 calculation with three different scenario’s. The value x is based on the average time in the 
scenario. The P(x) is based on the probability from the event tree.  

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

RST 2 -Intervention by civilians 234 0.15 35 81 975 

RST 2 -Intervention by fire service, 
reporting by civilians 

1159 0.8 927 278 61683 

RST 2 - Intervention by fire service 1121 0.05 56 279 3892 

 Average time: 1018 s var(t) = 66550 

    s(t) = 258 s 

 
The following figure shows the probability distribution of the new RST with the intervention of the 
civilians, and the old RST. 

 
Figure 11-63: Probability distribution of RST-2 in reference situation and with civilian assistance. 
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 Fireproof furniture 
This section explains the calculations for applying fireproof furniture. This section is an addition to 6.1.5 
(fireproof furniture). 

 Heat release rate 
The initial fires report [33] investigated the heat release rates of various objects. A sofa was investigated 
that is used in the reference situation in the initial phase of a fire. In the reference situation, a fire will 
develop into a flashover. 

Research has also been done on a fireproof sofa. This will not develop into a flashover. A simulation will 
be performed with the results of this experiment. The results are shown below of the heat release rate 
of a sofa and a fireproof sofa. 

HRR Y5.4/16 Y5.4/14  HRR Y5.4/16 Y5.4/14 

T(s) SOFA FR SOFA  T(s) SOFA FR SOFA 

0 0 10  540 0 210 

30 8 8  570 0 230 

60 17 6  600 0 280 

90 25 3  630 0 350 

120 80 6  660 0 240 

150 230 20  690 0 210 

180 860 29  720 0 240 

210 1750 42  750 0 228 

240 1820 50  780 0 290 

270 860 110  810 0 426 

300 260 250  840 0 490 

330 40 290  870 0 415 

360 0 380  900 0 200 

390 0 435  930 0 50 

420 0 320  960 0 26 

450 0 357  990 0 22 

480 0 260  1020 0 15 

510 0 220  1050 0 12 

 

 
Figure 11-64: HRR of normal sofa and fireproof sofa. 
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 Simulation results 
New AST limit values are determined using new simulations. The new simulations are performed on the 
existing reference simulation. Only the adjustments in this simulation is the heat release rate input. This 
will lead to a new reference situation that is assumed as an average. Here again a distinction is made 
per building type, per room and per criteria. 

Results of the simulations in the reference situation and new situation. 

Input  Living room Corridor Bedroom 1 Bedroom 2 

Building Criteria Ref. New Ref. New Ref. New Ref. New 

Gallery flat 
AST-1 180 350 180 310 180 310 240 410 

AST-2 190 1190 230 2100 400 2100 2100 2100 

Apartment block 
AST-1 190 360 190 320 190 340 2100 2100 

AST-2 180 1830 220 2100 400 2100 2100 2100 

Table 11-26: AST values in reference situation and with fireproof furniture. 

These results are shown in the graph below. 

 
Figure 11-65: Influence of fireproof furniture to reference AST. 

  



205 
 

 Results automatic windows 
This section explains the calculations for applying automatic interior windows. This section is an addition 
to 6.1.6 (automatic internal windows). New simulations are performed on the existing reference 
simulation. Only the adjustments specified in the preventive measure are applied to this. This will lead 
to a new reference situation that is assumed as an average.  

Input Living room Corridor Bedroom 1 Bedroom 2 

Situation Building Criteria Ref. New Ref. New Ref. New Ref. New 

1 

Gallery flat 
AST-1 180 190 180 190 180 180 240 270 

AST-2 190 190 230 240 400 310 2100 2100 

Apartment 
block 

AST-1 190 180 190 180 190 190 2100 2100 

AST-2 180 180 220 230 400 2100 2100 2100 

2 

Gallery flat 
AST-1 180 170 180 180 180 180 240 260 

AST-2 190 180 230 220 400 380 2100 2100 

Apartment 
block 

AST-1 190 190 190 180 190 190 2100 2100 

AST-2 180 230 220 230 400 2100 2100 2100 

3 

Gallery flat 
AST-1 180 190 180 190 180 180 240 260 

AST-2 190 190 230 250 400 400 2100 2100 

Apartment 
block 

AST-1 190 190 190 180 190 190 2100 2100 

AST-2 180 190 220 240 400 360 2100 2100 

4 

Gallery flat 
AST-1 180 190 180 190 180 180 240 220 

AST-2 190 190 230 240 400 400 2100 2100 

Apartment 
block 

AST-1 190 150 190 170 190 170 2100 200 

AST-2 180 180 220 220 400 810 2100 2100 

Table 11-27: AST values in reference situation and with automatic windows. 

The uncertainty is also influenced by the new measures. In this case, the uncertainty about the position 
of the windows can be omitted from the uncertainty calculations. This is no longer uncertain because 
the position of the windows is determined by the preventive measure.  

Input Variance St. dev. Variance St. dev. 

Building Room Criteria Old New Old New Old New Old New 

Gallery 
flat 

Living room 
AST-1 18900 18800 137 137 26000 25800 161 161 

AST-2 21100 21000 145 145 26500 26500 163 163 

Corridor 
AST-1 15700 15700 125 125 17200 17100 131 131 

AST-2 27200 27200 165 165 2504300 2503800 1582 1582 

Bedroom 1 
AST-1 15000 1500 122 122 14300 14300 120 120 

AST-2 34400 27000 185 164 4110200 4110200 2027 2027 

Bedroom 2 
AST-1 25700 25600 160 160 2479100 2477800 1575 1574 

AST-2 1849600 1849600 1360 1360 4900 4900 70 70 

Apartment 
block 

Living room 
AST-1 18100 18000 135 134 29000 28900 170 170 

AST-2 17300 17300 132 132 30900 30800 176 175 

Corridor 
AST-1 20700 20300 144 142 17100 17100 131 131 

AST-2 26000 26000 161 161 2527500 2527200 1590 1590 

Bedroom 1 
AST-1 14600 14600 121 121 2610700 2610700 1616 1616 

AST-2 65300 58900 256 243 6461000 4188900 2542 2047 

Bedroom 2 
AST-1 14772700 12276300 3844 3504 0 0 0 0 

AST-2 902500 902500 950 950 0 0 0 0 

Table 11-28: Variance and st.deviation in reference situation and with automatic windows. 
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 Results automatic doors 
This section explains the calculations for applying automatic interior doors. This section is an addition 
to 6.1.7 (automatic internal doors). 

New AST limit values are determined using new simulations. The new simulations are performed on the 
existing reference simulation. Only the adjustments specified in the preventive measure are applied to 
this. When a room is separated from another room by a closed door, a single zone model is used. This 
will lead to a new reference situation that is assumed as an average. Here again a distinction is made 
per building type, per room and per criteria.  

Input Living room Corridor Bedroom 1 Bedroom 2 

Situation Building Criteria Ref. New Ref. New Ref. New Ref. New 

1 

Gallery flat 
AST-1 180 160 180 210 180 350 240 2100 

AST-2 190 180 230 2100 400 2100 2100 2100 

Apartment 
block 

AST-1 190 160 190 140 190 170 2100 2100 

AST-2 180 180 220 2100 400 2100 2100 2100 

2 

Gallery flat 
AST-1 180 160 180 210 180 2100 240 2100 

AST-2 190 180 230 2100 400 2100 2100 2100 

Apartment 
block 

AST-1 190 160 190 160 190 2100 2100 2100 

AST-2 180 180 220 2100 400 2100 2100 2100 

Table 11-29: AST values in reference situation and with automatic internal doors. 

The uncertainty is also influenced by the new measures. In this case, the uncertainty about the position 
of the doors can be removed from the uncertainty calculations. This is no longer uncertain because the 
position of the doors is determined by the preventive measure. The following table shows the 
consequences of the preventive measures on the variance and standard deviation. 

Building Room Criteria 

Negative Positive 

Variance St. dev. Variance St. dev. 

Old New Old New Old New Old New 

Gallery 
flat 

Living 
room 

AST-1 18900 18400 137 136 26000 25800 161 161 

AST-2 21100 20900 145 145 26500 26500 163 163 

Corridor 
AST-1 15700 15200 125 123 17200 17100 131 131 

AST-2 27200 27200 165 165 2504300 38900 1582 197 

Bedroom 
1 

AST-1 15000 15000 122 122 14300 12200 120 110 

AST-2 34400 34400 185 185 4110200 189800 2027 436 

Bedroom 
2 

AST-1 25700 20600 160 144 2479100 45500 1575 213 

AST-2 1849600 0 1360 0 4900 4900 70 70 

Apartment 
block 

Living 
room 

AST-1 18100 17600 135 132 29000 29000 170 170 

AST-2 17300 17300 132 131 30900 30900 176 176 

Corridor 
AST-1 20700 18000 144 134 17100 17100 131 131 

AST-2 26000 26000 161 161 2527500 30600 1590 175 

Bedroom 
1 

AST-1 14600 14600 121 121 2610700 17000 1616 130 

AST-2 65300 58900 256 243 6461000 4188900 2542 2047 

Bedroom 
2 

AST-1 14772700 7552600 3844 2748 0 0 0 0 

AST-2 902500 0 950 0 0 0 0 0 

Table 11-30: Variance and st.deviation in reference situation and with automatic doors. 
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 Area-specific response times 
This section examines the measure of deploying area specific response times. This section is an 
addition to section 6.2.1 (area-specific response times). 

 Reference situation 
First of all, an analysis was made of the reference situation. 

Stochastic Value Chance Average SD Variance Var 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time volunteers 278   58 3364  

Drive time volunteers 231   95 9025  

Response time volunteers 580 0.8 464 113 12695 14151 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time professionals 99   66 4356  

Drive time professionals 303   79 6241  

Response time professionals 473 0.2 95 104 10903 2163 
 Response time: 559 s var(t) = 16314 
    s(t) = 128 s 

Table 11-31: Calculation of fire service response time in reference situation. 

 

 Area specific response time 
The average value of the response time is 7 minutes (420 seconds). Assuming a success rate of 99% with 
a bandwidth of 3 minutes (equals 180 seconds). The standard deviation then becomes 60 seconds. The 
bandwidth with a chance of success of 99% is 3 times the standard deviation, as shown in the figure 
below. 

 
Figure 11-66: Normal distribution and corresponding standard deviation. 
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 Probability distribution 
Now that the probability distribution at the fire service response time is known, the RST can be 
calculated. 

Stochastic Value Chance Average SD VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Area specific intervention time 420 1 420 60 3600 

FS response time Average time: 420 Variance: 3600 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 

  RST= 1172 s var(t) = 103641 

    s(t) = 322 s 

 

 
Figure 11-67: Probability distribution of RST-2 with and without area specific response times. 
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 Day occupation of fire stations 
This section examines the measure of deploying a day occupation of fire stations. This section is an 
addition to section 6.2.2 (day occupation of fire stations). 

 Reference 
First of all, an analysis was made of the reference situation. 

Stochastic Value Chance Average SD Variance VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 𝑣𝑣𝑣𝑣𝑣𝑣(𝒙𝒙�𝒎𝒎) 
Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time volunteers 278   58 3364  

Drive time volunteers 231   95 9025  

Response time volunteers 580 0.8 464 113 12695 14151 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time professionals 99   66 4356  

Drive time professionals 303   79 6241  

Response time professionals 473 0.2 95 104 10903 2163 
 Response time: 559 s var(t) = 16314 
    s(t) = 128 s 

 

 Day occupancy 
The probability distribution of an intervention with a day occupation is determined with the help of 
the table below. 

Stochastic Value Chance Average SD Variance VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 𝑣𝑣𝑣𝑣𝑣𝑣(𝒙𝒙�𝒎𝒎) 
Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time volunteers 278   58 3364  

Drive time volunteers 231   95 9025  

Response time volunteers 580 0.58 336 113 12695 7363 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time day occupation 60   15 225  

Drive time volunteers 231   95 9025  

Response time day occupancy 362 0.22 80 98 9556 2102 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time professionals 99   66 4356  

Drive time professionals 303   79 6241  

Response time professionals 473 0.20 95 104 10903 2163 
 Response time: 511 s var(t) = 11628 
    s(t) = 108 s 
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 Probability distribution 
With the help of the table below the probability distribution of an intervention with a day occupation in 
27% of the time is determined. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 

Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Response time volunteers 580 0.58 336 113 12695 

Response time day occupancy 362 0.22 80 98 9556 

Response time professionals 473 0.2 95 104 10903 

FS response time Average time: 511 Variance: 33154 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 

 
 RST= 1263 s var(t) = 133195 

 
   s(t) = 365 s 

 

 
Figure 11-68: Probability distribution of RST-2 in reference situation and with day occupancy.  
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 Rapid intervention vehicle 
This section examines the measure of deploying a RIV. This section is an addition to section 6.2.3 (Rapid 
intervention vehicle). 

 Reference situation 
First of all, an analysis was made of the reference situation. 

Stochastic Value Chance Average SD Variance VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time volunteers 278   58 3364  

Drive time volunteers 231   95 9025  

Response time volunteers 580 0.8 464 113 12695 14151 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time professionals 99   66 4356  

Drive time professionals 303   79 6241  

Response time professionals 473 0.2 95 104 10903 2163 
 Response time: 559 s var(t) = 16314 
    s(t) = 128 s 

 

 Rapid intervention vehicle  
The probability distribution of an intervention with a rapid intervention vehicle is determined with the 
help of the table below. 

Stochastic Value Chance Average SD Variance VAR 
Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) 
Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time volunteers 60   20 400  

Drive time volunteers 231   95 9025  

Response time volunteers 362 0.8 290 113 12769 10215 

Assumption control room 36   9 81  

Alarm fire service unit 35   15 225  

Turnout time professionals 60   20 400  

Drive time professionals 303   79 6241  

Response time professionals 434 0.2 87 104 10816 2163 
 Response time: 377s var(t) = 12378 

    s(t) = 111 s 
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 Extinguish before rescue 
In this section the calculations about the influence of extinguishing a fire for the rescue of a victim. This 
section is a supplement to section 6.2.4 (extinguish before rescue). 

 Consequences of RST 
The table below shows the consequences of the required safe time by extinguishing before rescue. For 
extinguish a fire is add 5 minutes (300 seconds) with a standard deviation of 2 minutes (120 seconds). 
The other parameters remain the same as in the reference situation.  

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Suppression fire 300 1 300 120 14400 

Suppresion time Average time: 300 Variance: 14400 

Rescue time 366 1 366 233 54289 

Rescue time Average time: 366 Variance: 54289 
  RST= 1610 s var(t) = 130755 
    s(t) = 362 s 
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Figure 11-69: Probability distribution of RST-2 with and without extinguish before rescue. 

 Consequences of AST 
The table below calculates the moment at which the fire will be extinguished. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Suppression fire 300 1 300 120 14400 

Suppresion time Average time: 300 Variance: 14400 
  RST= 1244 s var(t) = 76466 
    s(t) = 277 s 
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The fire is extinguished from 1244 seconds. The graph below shows the influence of extinguishing the 
fire before a recue to the AST. 

 
Figure 11-70: Influence of extinguish before rescue to reference AST. 

 

 
Figure 11-71: HRR simulation input by extinguish before rescue. 
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 Simulation input 
To determine the new AST criteria the following HRR is used. From the moment a fire is extinguished 
the HRR is equal to 0. This is from the average RST value of 1244 seconds.  

 

 REFERENCE NEW INPUT   REFERENCE NEW INPUT 

T(s) HRR(kW) HRR(kW)  T(s) HRR(kW) HRR(kW) 

0 0 0  930 2100 2100 

30 8 8  960 2000 2000 

60 17 17  990 1925 1925 

90 25 25  1020 1875 1875 

120 80 80  1050 1825 1825 

150 230 230  1080 1775 1775 

180 860 860  1110 1725 1725 

210 1100 1100  1140 1675 1675 

240 2000 2000  1170 1625 1625 

270 8000 8000  1200 1575 1575 

300 10000 10000  1230 1525 1525 

330 11000 11000  1260 1475 0 

360 9500 9500  1290 1425 0 

390 9000 9000  1320 1375 0 

420 8000 8000  1350 1325 0 

450 7000 7000  1380 1275 0 

480 6400 6400  1410 1225 0 

510 6000 6000  1440 1175 0 

540 5800 5800  1470 1125 0 

570 5100 5100  1500 1075 0 

600 4500 4500  1530 1025 0 

630 4200 4200  1560 975 0 

660 3700 3700  1590 925 0 

690 3200 3200  1620 875 0 

720 3000 3000  1650 825 0 

750 2850 2850  1680 775 0 

780 2750 2750  1710 725 0 

810 2650 2650  1740 675 0 

840 2600 2600  1770 625 0 

870 2400 2400  1800 575 0 

900 2300 2300 
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 Room conditions – Temperature 
Although the AST criteria have already been achieved in the simulation, the measure does have an 
influence on the room conditions. 

Apartment block 
Temperature over time in different rooms in the appartment block with the new measurement. The 
extinghuished fire is simulated at 1260 seconds.  

 
Figure 11-72: Room conditions (temperature) in apartment block with extinguishing. 

 

Gallery flat 
Temperature over time in different rooms in the gallery flat with the new measurement. The 
extinghuished fire is simulated at 1260 seconds. 

 

 
Figure 11-73: Room conditions (temperature) in gallery flat with extinguishing. 
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 Room conditions – Smoke 
This measure also affects the amount of smoke in a room. 

Apartment block  
Smoke concentration (FEC) over time in different rooms in the appartment block with the new 
measurement. The extinghuished fire is simulated at 1260 seconds. 

 
Figure 11-74: Room conditions (smoke) in apartment block with extinguishing. 

 
 

Gallery flat 
Smoke concentration (FEC) over time in different rooms in the gallery flat with the new measurement. 
The extinghuished fire is simulated at 1260 seconds. 

 
Figure 11-75: Room conditions (smoke) in gallery flat with extinguishing. 
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 Ventilate before rescue 
This section examines the measure of ventilation for performing a rescue. This section is a supplement 
to section 6.2.5 (ventilate before rescue). 

 Ventilation time 
First, the time required to ventilate a room is calculated. 

Stochastic Value Chance Average SD VAR 

Parameter 𝒙𝒙𝒎𝒎 𝑷𝑷(𝒙𝒙𝒎𝒎) 𝒙𝒙�𝒎𝒎 𝑺𝑺𝒎𝒎  𝑷𝑷(𝒙𝒙�𝒎𝒎) ∗ 𝑺𝑺𝒎𝒎 𝟐𝟐 
Alert person 30 0.16 5 228 8331 

Smoke detector (door open) 107 0.11 12 151 2514 

Smoke detector (door closed) 186 0.07 13 72 365 

Detection by flashover 270 0.58 157 -12 81 

Detection by surrounding 900 0.08 72 -642 32954 

Detection time Average time: 258 Variance: 44245 

Awake person 0 0.65 0 16 164 

Sleeping person (Awaken direct) 30 0.29 9 -14 58 

Sleeping person (Awaken delayed) 120 0.06 7 -104 650 

Warning time Average time: 16 Variance: 872 

Normal responding 16 0.29 5 14 57 

Elderly response 28 0.65 18 2 3 

Cognitive impairment 120 0.06 7 -90 486 

Recognition time Average time: 30 Variance: 545 

Call time 30 0.57 17 9 46 

Call time delayed 150 0.43 65 10 43 

Reporting time Average time: 82 Variance: 89 

Volunteers 580 0.8 464 133 14151 

Professionals 473 0.2 95 104 2163 

FS response time Average time: 559 Variance: 16314 

Create ventilation 300 1 300 60 3600 

Ventilation time Average time: 300 Variance: 3600 
  RST= 1244 s var(t) = 65666 
    s(t) = 256 s 

 

 
Figure 11-76: Probability distribution of RST ventilation. 
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 Ventilation openings 
In appendix 11.4 is given an overview of the openings in the façade of the apartments. This openings 
will be used to ventilate the apartment. In the new situation of the gallery flat it is assumed that the 
windows in the living room are opened at 1244 seconds. This is the time that the fire service need to 
create an opening in this windows. They will force the door to the balcony and break the glass of the 
windows.  

In the simulation the window 1, window 3, window 4 and window 5, front door and the balcony door 
will simulated. This creates openings as large as the door and the window frame. In the simulations, 
these openings will be simulated from 1244 seconds. 

 In the new situation of the apartment block it is assumed that the windows in the living room are 
opened at 1244 seconds. This is the time that the fire service need to create an opening in this 
windows. They will force the door to the balcony and break the glass of the windows.  

In the simulation the window 2, window 3, window 4 and window 5, front door and the balcony door 
will simulated. This creates openings as large as the door and the window frame. In the simulations, 
these openings will be simulated from 1244 seconds. 

 Simulation results 
Results of the simulations in the reference situation and new situation. 

Input  Living room Corridor Bedroom 1 Bedroom 2 

Building Criteria Ref. New Ref. New Ref. New Ref. New 

Gallery flat 
AST-1 180 180 180 180 180 180 240 240 

AST-2 190 190 230 230 400 400 1800 1800 

Apartment block 
AST-1 190 190 190 190 190 190 1800 1800 

AST-2 180 180 220 220 400 400 1800 1800 

 

 
Figure 11-77: Influence of ventilate before rescue to reference AST. 
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 Room conditions - Temperature 
Although the AST criteria have already been achieved in the simulation, the measure does have an 
influence on the room conditions. 

Apartment block 
Temperature over time in different rooms in the appartment block with the new measurement. The 
ventilation is simulated at 1244 seconds.  

 

 
Figure 11-78: Room conditions (temperature) in apartment block with ventilation. 

 

Gallery flat 
Temperature over time in different rooms in the gallery flat with the new measurement. The ventilation 
is simulated at 1244 seconds.  

 

 
Figure 11-79: Room conditions (temperature) in gallery flat with ventilation. 
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 Room conditions - Smoke 
This measure also affects the amount of smoke in a room. 

Apartment block  
Smoke concentration (FEC) over time in different rooms in the appartment block with the new 
measurement. The ventilation is simulated at 1244 seconds.  

 

 
Figure 11-80: Room conditions (smoke) in apartment block with ventilation. 

 

 

Gallery flat 
Smoke concentration (FEC) over time in different rooms in the gallery flat with the new measurement. 
The ventilation is simulated at 1244 seconds.  

 

 
Figure 11-81: Room conditions (smoke) in gallery flat with ventilation. 
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 AST-RST measurements 
The influence of a number of measures on the AST-RST is being investigated. 

 AST-RST with fireproof furniture 
With the help of the table below, the influence of fireproof furniture is calculated and compared with 
the reference situation. 

Parameter 𝒙𝒙�𝒎𝒎  − 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) + 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) 

AST-1 reference 180 Variance 18900 26000 

RST-1 reference 347 Variance 45814 45814 

AST-RST-1 reference -167 Total variance 64714 71814 

  Standard deviation 254 268 

     

AST-2 reference 190 Variance 21100 26500 

RST-2 reference 1310 Variance 116355 116355 

AST-RST-2 reference -1120 Total variance 137455 142855 

  Standard deviation 371 378 

     

AST-1 new 1190 Variance 18769 18769 

RST-1 new 347 Variance 45814 45814 

AST-RST-1 new 843 Total variance 64583 64583 

  Standard deviation 254 254 

     

AST-2 new 1800 Variance 1190 163 

RST-2 new 1310 Variance 116355 116355 

AST-RST-2 new 490 Total variance 117545 116518 

  Standard deviation 343 341 

 

 

 
Figure 11-82: Probability distribution of AST-RST with fireproof furniture. 
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 AST-RST with fireproof furniture & reporting neighbors 
With the help of the table below, the influence of a combination of fireproof furniture and reporting 
neighbors is calculated and compared with the reference situation. 

Parameter 𝒙𝒙�𝒎𝒎  − 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) + 𝒗𝒗𝑽𝑽𝑽𝑽(𝒙𝒙�𝒎𝒎) 

AST-1 reference 180 Variance 18900 26000 

RST-1 reference 347 Variance 45814 45814 

AST-RST-1 reference -167 Total variance 64714 71814 

  Standard deviation 254 268 

     

AST-2 reference 190 Variance 21100 26500 

RST-2 reference 1310 Variance 116355 116355 

AST-RST-2 reference -1120 Total variance 137455 142855 

  Standard deviation 371 378 

     

AST-1 new 1190 Variance 18769 18769 

RST-1 new 157 Variance 113432 113432 

AST-RST-1 new 1033 Total variance 132201 132201 

  Standard deviation 364 364 

     

AST-2 new 1800 Variance 1190 163 

RST-2 new 808 Variance 51089 51089 

AST-RST-2 new 992 Total variance 52279 51252 

  Standard deviation 229 226 

 

 

 
Figure 11-83: Probability distribution of AST-RST with fireproof furniture and neighbors assistance. 
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