
LICENTIATE THESIS

2003:13

Department of  Civil and Mining Engineering
Division of  Steel Structures

2003:13 • ISSN: 1402 - 1757 • ISRN: LTU - LIC - - 03/13 - - SE

Probabilistic Design for Evaluation
of Indoor Environment

KATARINA LJUNGQUIST



 
 
 
 
 

LICENTIATE THESIS 
 
 
 
 
 
 

Probabilistic Design for Evaluation of 
Indoor Environment 

 
 
 
 
 
 
 
 
 

KATARINA LJUNGQUIST 
 
 
 
 
 
 
 
 
 
 

Department of Civil and Mining Engineering 
Division of Steel Structures 

 
2003:13 �����������	�– 1757 ����
������– LIC - - 03/13 - - SE 



 



 

- i - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Antag att ett träd föll ned just när vi var under det. 

    Antag att det inte gjorde det. 

         Nalle Puh 



 

- ii - 

 



 

- iii - 

PREFACE 

The project belongs to the key action Environment and Eco-cycles in Building 
and Facility management financially supported by the Swedish Research 
Council for Environment, Agricultural Sciences and Spatial Planning (Formas). 
The Development Fund of the Swedish Construction Industry (SBUF) has also 
financially supported this research project and they are hereby thankfully 
acknowledged. 

There are many participants involved in a project like this contributing to the 
realisation in different ways and who earns my deepest gratitude: 

To my supervisor and friend Professor Ove Lagerqvist at the Division of Steel 
Structures, for the opportunity to work with this project after more than ten 
years as a structural designer and also for invaluable support and fruitful 
discussions. 

To Professor Bernt Johansson, Division of Steel Structures, your advices are 
always valuable. 

To the reference group assigned to the project for the time you have offered and 
the advices you have given. Participants have been, apart from Ove 
Lagerqvist and Bernt Johansson, Claes Alén, SGI, Bernt A Johansson, The 
Ecocycle Council for the Building Sector, Lars Söderlind, NCC, Lars-Erik 
Harderup, LTH and Håkan Stille, KTH. 

To Bengt Rosén, SGI Linköping, for answering all my questions on radon and 
for data on radon concentrations in soil, and to Gudrun Ekroth, 
Environment and Health Protection Office in Hudiksvall, also for 
answering my questions and for data of radon concentrations indoor in 
residential buildings. It has been invaluable! 

To my friends and colleagues at the Division of Steel Structures, my “second 
family”, and the Division of Timber Structures. You have all contributed to 
this by always offering support and amusement. Going to work is a joy 
every day!! 

Finally, to my family for always being there for me. 

 

Luleå, March 2003 

 

Katarina Ljungquist 



 

- iv - 

 



 

- v - 

ABSTRACT 

In recent years indoor environment and indoor air quality has been subjected to 
extensive worldwide research efforts. Still, at present there are a lack of methods 
for prediction of risks and consequences for any defined damage to occur, 
similar to the probabilistic methods used in modern design codes for structures 
and buildings. Such a method, if available and usable, could be very beneficial 
as a tool for decision making at different stages of the building process. 

In this licentiate thesis a method is developed to estimate the risk of occurrence 
of high radon concentrations indoors. The method is developed using risk 
analysis applied on a concrete slab on the ground, which is a foundation method 
commonly used in Sweden for residential buildings. The undesirable event is 
“Leakage of radon into the building” and fault tree analysis is used starting in 
the top with the undesirable event and then working downwards finding the 
events, which causes the top event. This procedure continues until basic events 
are established and for which failure probabilities are available. Fault tree 
analysis is a deductive method mainly used for systems built up with electronic 
equipment where failure probabilities in terms of relative frequency are easy to 
establish. Failure probabilities in the building process are more difficult to 
establish since failures are rare. However, this uncertainty can be handled by 
applying structural reliability analysis on the quantitative analysis whereas 
several random variables can be taken into account in a single analysis, which 
makes it possible to analyse a whole branch of a fault tree in a single analysis. 
The basis for structural reliability methods is probability theory to handle the 
uncertainties and Monte Carlo simulation and first-order second-moment theory 
to estimate the risk. 

To get an indoor environment that is unhealthy to human beings environmental 
impact is needed together with fault due to human error in some phase of the 
building process. Examples of faults made in the building process are changes 
and/or addition of work ordered by the proprietor, unsuitable design or delivery 
of wrong material to the construction site. Several surveys have come to the 
same conclusion that a large amount of faults made in the building process 
depends on e.g. insufficient commitment or lack of knowledge. However, the 
building could be designed and constructed according to the state-of-the art of 
knowledge and still has an improper function. Errors cannot be ruled out 
completely but the use of fault tree technique to develop the causes to an 
unhealthy indoor environment and the estimation of risk can be a valuable 
communication tool to the quality management system to get an overview of the 
entire building process and to identify week links. 

The residential building used as an example in this work is situated outside the 
municipality of Linköping since long-term measurements of radon 
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concentrations in soil air are available from this area. The building has a self-
draught ventilation system and the design of the concrete slab, starting from the 
excavated rock floor, include a geotextile, 150 mm well washed macadam, 50 
mm insulation, 100 mm reinforced concrete, a levelling compound and finally a 
flooring. The causes to radon concentrations indoor have been developed with 
fault tree analysis where “Leakage of radon contaminated soil air into the 
building”, “Radon contaminated drinking water” and “Building material 
contains radium disintegrating to radon” constitute the main causes. The event 
“Leakage of radon contaminated soil air....” is developed further, since it is the 
major contributor to radon concentrations indoor, into the events “Lower air 
pressure indoor than outdoor”, “Radon contaminated soil air under or around the 
building” and “Fault in component with regard to air-tightness”. A function 
expressing the relationship between the basic events and their random variables 
is established and both Monte Carlo simulation and first-order second-moment 
theory is applied to estimate the probability and the safety index β for the 
undesirable event to occur. 

The leakage of radon-contaminated soil air has only been considered through 
fissures in the concrete slab and it has been difficult to find proper relationships 
between how fissures occur, fissure width, and concrete and reinforcement 
properties. Approximations have therefore become necessary. However, the 
simulation and the analytical calculation gives e.g. safety index β = 0.30 on 
normal risk area, which is 70 % of the total area of Sweden, in residential 
buildings where people stay more than temporary. Comparison can be made 
with the safety index β �� ���� ���� 	
���� ��
		� �� ��� ���� �����	�� ��	����
Regulations for the structure of residential buildings. In other words, the 
probability for radon concentrations indoor to exceed the Swedish Building 
Regulations threshold value 200 Bq/m3 is more than 40.000 times larger than the 
risk for structural failure presupposing a residential building on normal risk area 
designed in accordance with the concrete slab on ground in this work. 

 

Key words: Probabilistic design, Indoor environment, Radon. 
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SAMMANFATTNING 

Världen över bedrivs det omfattande forskning på inomhusmiljö och luftkvalitet. 
Trots det finns det fortfarande ingen metod för att bestämma sannolikheten för 
att någon form av definierad skada inträffar på inomhusmiljön med 
konsekvenser för människors hälsa på samma sätt som det finns metoder i 
moderna konstruktionsregler för att bestämma risken för mekanisk påverkan på 
byggnadskonstruktioner. Förekomsten av en sådan metod skulle vara ett viktigt 
instrument för miljöbeslut i alla led i byggprocessen. 

En metod har utvecklats i denna licentiatuppsats för att bestämma risken för att 
höga koncentrationer av radon skall förekomma i inomhusluften. Metoden har 
tagits fram genom att tillämpa riskanalys på en platta på mark som är en vanlig 
grundläggningsmetod för bostadshus i Sverige. Orsakerna till den oönskade 
händelsen ”Läckage av radon in i byggnaden” har kunnat härledas med hjälp av 
felträdsanalys genom att starta i toppen av trädet och arbeta sig nedåt. 
Proceduren upprepas tills primärhändelser erhålls för vilka sannolikheter kan 
bestämmas. Felträdsanalys är en deduktiv metod som är utvecklad för system 
som är uppbyggda av elektroniska komponenter och för vilka sannolikheter för 
fel i form av relativa frekvenser är enkla att bestämma. Det är svårare att 
bestämma sannolikheter för fel i byggprocessen eftersom varje objekt oftast är 
unikt. Denna osäkerhet kan dock hanteras genom att använda samma 
säkerhetsfilosofiska modell som används för mekanisk påverkan på bärande 
konstruktioner där hänsyn kan tas till flera stokastiska variabler i samma analys 
vilket gör det möjligt att ersätta en hel gren i ett felträd. För att hantera 
osäkerheter används den säkerhetsfilosofiska modellen för bärande 
konstruktioner sannolikhetsteori och för att bestämma risken kan Monte Carlo-
simuleringar och ’första ordningens nivå 2’-metod användas. 

För att få en ohälsosam inomhusmiljö behövs miljöpåverkan tillsammans med 
ett fel i byggnaden orsakat i något led av byggprocessen. Exempel på fel som 
kan medföra en ohälsosam inomhusmiljö är att byggherren ändrar eller gör 
kompletteringar i byggnaden, konstruktionen är olämpligt utförd eller att 
materialleveranser är felaktiga. Flera undersökningar har kommit fram till att 
t.ex. bristande engagemang eller bristande kunskap många gånger är orsakerna 
till de fel som uppkommer i byggprocessen. Bristande kunskap kan också bero 
på att kunskapen inte finns, dvs byggnaden utförs på ett riktigt sätt med 
avseende på den kunskap som finns. Fel kan aldrig elimineras helt men 
användandet av felträdsanalys för att ta fram orsakerna till en ohälsosam 
inomhusmiljö och bestämmandet av risken skulle kunna vara ett värdefullt 
verktyg i kvalitetssystem för att få en överblick över hela byggprocessen och för 
att kunna identifiera de svaga länkarna. 
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Bostadshuset som exemplifieras i den här uppsatsen är beläget utanför 
Linköping eftersom det där har förekommit långtidsmätningar på radonhalten i 
marken. Byggnaden ventileras genom självdrag och grundplattans konstruktion 
består, med start från schaktbotten, av en geotextil, 150 mm vältvättad 
makadam, 50 mm isolering, 100 mm armerad betong, avjämningsmassa samt 
golvbeläggning. Orsakerna till radonkoncentrationer inomhus har bestämts 
genom felträdsanalys och består av ”Läckage av radonhaltig jordluft”, 
”Radonhaltigt dricksvatten” och ”Byggnadsmaterialet innehåller radium som 
sönderfaller till radon”. Den huvudsakliga orsaken till radon i inomhusluften är 
”Läckage av radonhaltig jordluft” och den utvecklas därför vidare och orsakas 
av ”Lägre lufttryck inomhus än utomhus”, ”Jordluften under eller runt 
byggnaden innehåller radon” och ”Fel i byggnadsdelen med hänsyn till 
lufttäthet”. En funktion som beskriver förhållandet mellan de olika 
primärhändelserna och dess stokastiska variabler har tagits fram och genom att 
använda både Monte Carlo-simulering och första ordningens nivå 2-metod har 
sannolikheten samt säkerhetsindex β bestämts för att den oönskade händelsen 
skall inträffa. 

Hänsyn har bara tagits till läckage av radonhaltig jordluft genom sprickor i 
betongplattan och det har varit svårt att hitta lämpliga förhållanden mellan hur 
sprickor uppkommer, sprickvidd och betongens och armeringens egenskaper. 
Därför har antaganden gjorts i vissa fall. För normalriskmark, som 70 % av 
Sveriges yta består av, har simuleringarna och beräkningarna givit ett 
säkerhetsindex β = 0.30 för bostadshus där människor uppehåller sig mer än 
tillfälligt. En jämförelse kan göras med de svenska konstruktionsreglerna där 
bärande konstruktioner i ett bostadshus skall uppfylla säkerhetsklass 2 med ett 
säkerhetsindex β �� ����� �
������������ för att ett bostadshus, byggt på 
normalriskmark med en platta på mark enligt denna uppsats, skall innehålla 
radonkoncentrationer över det svenska normgränsvärdet 200 Bq/m3, är alltså 
mer än 40.000 gånger större än risken för att den bärande konstruktionen inte 
skall hålla. 

 

Nyckelord: Sannoliketsteoretisk dimensionering, inomhusmiljö, radon. 
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1 INTRODUCTION 

1.1 Background 
In recent years indoor environment and indoor air quality has been subjected to 
extensive worldwide research efforts. But unhealthy indoor environment is not a 
new subject. In a local newspaper in Sweden you could read this article over 100 
years ago: 

“During an investigation, ordered by prison governor V. Nordlund to 
examine the wallpaper in some rooms of the apartment used by him in 
the prison, the wallpaper have proved to contain a large amount of 
arsenic. The members of the family have frequently suffered from 
headache with no proper explanation to the cause until the wallpaper 
was suspected. The unhealthy wallpaper will of course be replaced by 
wallpaper free of arsenic.” 

An early public health goal in Sweden was the elimination of overcrowding and 
the creation of dry, light and spacious dwellings for all social layers of the 
population. With social policies and building regulations these goals became to a 
large extent accomplished after the Second World War (Thörn, 1999). But the 
situation changed and in the beginning of the 1970s attention focused again on 
the emergence of health problems connected with buildings. The cause to these 
problems is generally considered to be the oil embargo in 1973 with the need for 
more energy-efficient buildings, and the increasing use of synthetic building 
material. One of the first nation-wide surveys in Sweden concerning indoor 
climate in dwellings was made in the ELIB-study in 1991/1992. Background to 
the survey was the attended health problems that started in the 1970s in new or 
rebuilt dwellings. The survey gave strong evidence that Sweden was confronted 
with health problems related to indoor climate and that between 600.000 and 
900.000 persons lived in dwellings with an indoor climate affecting health and 
well being (Norlén and Andersson, 1993). 

In 1999 the Swedish Parliament adopted fifteen environmental quality 
objectives with “A Good Built Environment” as one of them. One of the targets 
of the quality objective consider an improved indoor environment where human 
beings are protected from negative exposure from poor indoor environment 
caused by e.g. temperature, emissions, ventilation, moisture load, noise, radon or 
electromagnetic fields. The goal for 2020 is that building related health 
problems are almost eliminated and the knowledge of problems, thresholds and 
preventative measurements in medical research has improved considerably. A 
basic requirement for ashieving the goals is that construction and management 
of buildings are carried out in ways more closely adapted to the environment. 
During a research project initiated and produced at the Division of Steel 
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Structures, Luleå University of Technology, the absense of methods for 
determination of the risk for any defined environmental damage to occur was 
noted (Sterner, 1999; Sterner 2002). A commonly accepted model for prediction 
of risks and consequences similar to the probabilistic methods used in modern 
design codes for structures and buildings could be beneficial as a tool for 
decision making at different stages of the building process. The project 
“Environmental decision-making in the construction process based on risk 
analysis” was initiated at the Division of Steel Structures and funded by the 
Swedish Council for Building Research, BFR and now Formas, in the key action 
“Environment and eco-cycles in building and facility management”. The project 
is also funded by the Development Fund of the Swedish Construction Industry, 
SBUF. 

1.2 Research area 
To get an indoor environment that fulfil its intensions of being a good indoor 
environment the quality in the building process is of outmost importance. But 
the building sector is not a homogenous group including both small and large 
enterprises, proprietors, consultants and suppliers, all with different interest and 
knowledge in environmental questions. In the response to the complexity of 
today’s construction industry specialisation has become necessary and has 
resulted in fragmentation of the industry. Although all participants in the 
building process use the same information the specialisation has led to a practice 
where functional demands are set for parts of systems instead of the whole 
building. 

It is difficult to form an overall picture and to communicate about consequences 
to indoor environment caused by decisions taken in the building process about 
design, construction and maintenance of the future building. A model that 
estimates the risk for unhealthy indoor environment could be beneficial as a 
communicating tool both between participants in the building process but also 
with e.g. insurance companies, future tenants or as a marketing tool. 

1.3 Aim and objectives 
The aim of the work is to develop a probabilistic method for estimation of the 
risk for an unhealthy indoor environment from air pollutants to occur caused by 
decisions made in the building process. The method would create a possibility 
for different participants in the building process to receive information about the 
risk in an early phase of the process. 
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The objectives of the work are to: 

�� Identify decisions made in the building process that may cause unhealthy 
indoor environment from air pollutants. 

�� Find a method similar to the probabilistic method used in structural 
reliability analysis to estimate the risk for an unhealthy indoor environment 
to human beings to occur. 

�� Verify the model by implementing it on available and sufficient data. 

1.4 Scope and limitations 
The scope of the work is to develop a method for prediction of risk for an 
unhealthy indoor environment to occur in residential buildings where people 
stay more than temporary. The ‘risk’ is the probability for release of air 
pollutants into the indoor environment. The model will treat influence on the 
indoor environment caused by planning, design and construction of the 
buildings. The phases of maintenance and use are not considered. The 
consequence of the undesirable event is that indoor environment is unhealthy to 
human beings and because of its medical character the analysis of consequences 
is a matter for others and will therefore be taken under consideration using 
threshold values stated in codes. 

 

Figure 1.1 A concrete slab, with edge-support beams, on the ground. 

The overall system to be analysed is a building with sub-systems defined as 
building components. The effort is put on one structural component, a concrete 
slab on ground, commonly used in Sweden as foundation for residential 
buildings, Figure 1.1. The unhealthy indoor environment is caused by 
environmental impact acting on the component in combination with some fault 
in the building component. The effect of outdoor air pollutants coming into the 
building from the ventilation system is not considered nor is air pollutants 
generated by human beings. Concerning radiation, only ionised radiation caused 
by radon from soil air or building material is considered and not electric or 
magnetic fields from installations or electric equipment. 
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1.5 Disposition and contents 
The work covers a wide variety of areas in the attempt of developing a 
probabilistic method for prediction of risk for unhealthy indoor environment to 
occur. The work has to include state-of-the-art in areas of indoor environment 
and indoor air quality, probability and reliability theory, the building process 
and legislation. The following is a short description of the contents. 

�� Chapter 2 contains a literature review of the risk management process and 
especially of the part of the process called risk analysis. The use of fault 
tree analysis and structural reliability analysis in risk analysis is considered. 

�� Chapter 3 contains a review of the large field of indoor environment and air 
quality with emphasis of the cause to radon and dampness in buildings. The 
chapter also includes health problems, legislation and preventive measures. 

�� Chapter 4 consider the quality in the building process and the possibility to 
use risk analysis to find the causes to unhealthy indoor environment. 

�� In chapter 5, risk analysis is applied on a building component, a concrete 
slab on the ground, with the aim to develop a method for prediction of the 
risk for radon concentrations indoor to exceed the Swedish Building 
Regulations threshold value depending on risk area. The risk is estimated 
using Monte Carlo simulation and first-order second-moment theory. 

�� In chapter 6 the model is implemented on available data of radon 
concentrations indoor received from the Environment and Health 
Protection Office at the municipality of Hudiksvall. 

�� Chapter 7 contains conclusions and suggestions for future research. 
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2 REVIEW OF LITERATURE IN RISK ANALYSIS 

2.1 Introduction 
A review of the literature in risk analysis shows different approaches and 
different definitions of notions that can be rather confusing. The definitions are 
not strictly used, especially between different fields of science, and therefore 
easily misunderstood. For many engineers risk is simply another word for the 
probability of occurrence of a defined event and for e.g. the insurance industry 
the term risk is money ‘at risk’. In the Swedish National Encyclopaedia (NE) 
risk is, in a general context, defined as the possibility that an unwanted event 
will occur. The risk can be individual, societal, economic or environmental. NE 
also defines risk from a more technical context as the probability that a specified 
circumstance will lead to a specified unwanted event or effect during a given 
period of time. Risk, in this context, can be given a numerical value and be 
expressed as e.g. the probability for loss of human lives per year. 

At the 1996 Annual Meeting of the Society for Risk Analysis Kaplan held a 
speech about the problems with the language in the risk analysis community. 
“The words risk analysis have been, and continue to be a problem. Many of you 
here remember that when our Society for Risk Analysis was brand new, one of 
the first things it did was to establish a committee to define the word ‘risk’. This 
committee laboured for 4 years and then gave up, saying in its final report, that 
maybe it’s better not to define risk. Let each author define it in his own way, 
only please each should explain clearly what way it is.” (Kaplan, 1997). Kaplan 
and Garrick (1981) argued that when one asks, “What is the risk?” one is really 
asking three questions: What can happen? How likely is it to happen? If it does 
happen, what are the consequences? Rowe (1977) defines risk as the potential 
for realisation of unwanted, negative consequences of an event. In other words 
risk can be defined as the combination of probability and consequence for an 
undesirable event to occur. The undesirable event is an unintended and 
unpredictable event causing damage to humans, property or the environment. 
The duration of the undesirable event, i.e. the time space between an initiating 
event and the actual damage may vary considerably. Finally, Kumamoto and 
Henley (1996) defines risk as a combination of five primitives: outcome, 
likelihood, significance, causal scenario and population affected. 

2.2 Definition of the risk management process 
The methodology for risk management has its roots in the nuclear, aerospace 
and electronic industries and the most extensive use of probabilistic risk analysis 
(PRA) in the management process has been in the nuclear industry where 
procedures for PRA have been developed since the 1980th (CCPS, 2000). Debate 
over the definition of the risk management process relates mostly to establish its 
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appropriate scope, particularly with reference to related activities such as hazard 
identification, risk assessment, risk evaluation and risk analysis. In the field of 
environment and health the relationship between risk analysis and risk 
assessment is defined as risk assessment being a part of risk analysis following 
the process of human health risk assessment first described in 1983 as a four-
component paradigm by the US National Research Council (NRC) of the US 
National Academy of Science (NAS) (Covello and Merkhofer, 1993). In the 
field of engineering the most commonly used definition of the risk management 
process is shown in Figure 2.1. In this framework risk management is the 
highest level when dealing with risk, and risk analysis is a part of the risk 
assessment process. Here risk assessment involves appreciating the risk 
associated with the operation of a system through an analysis (risk analysis) and 
comparing it with present limits of acceptability and of tolerance (risk 
evaluation). This definition has been adopted by e.g. International Council for 
Research and Innovation in Building and Construction (CIB) (CIB report, 2001). 

Risk management 

Risk assessment 

Risk analysis 
-System definition 

-Hazard identification 
-Risk estimation 

Risk evaluation 
-Risk tolerability 

decisions 
-Analysis of options 

Risk reduction 
-Decision making 
-Implementation 

-Monitoring 
 

Figure 2.1 The activities in the risk management process in the field of 
engineering. 

American Institute of Chemical Engineers (AIChE) at the Center for Chemical 
Process Safety (CCPS) has developed a methodology for quantitative risk 
analysis (CPQRA) with the aim to provide the management process with a tool 
to evaluate overall process safety in the chemical process industry (CCPS, 
2000). The methodology is based on the NUREG procedures, which is the PRA 
developed by the US Nuclear Regulatory Commission and used in the nuclear 
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industry in the United States. The principal concern for the PRA in these 
industries is the acute rather than the chronic hazards with the emphasis on rare 
but potentially catastrophic events. The name CPQRA is rather confusing as the 
methodology in principal is the same as in Figure 2.1 with the major steps risk 
analysis, risk assessment and risk management. The steps risk analysis and risk 
assessment consists of the parts illustrated in Figure 2.2. 

Define the potential 
accident scenario 

Estimate the potential 
accident frequencies 

Evaluate the event 
consequences 

Estimate the event 
impacts 

Estimate the risk 

Evaluate the risk 

Identify and prioritise 
potential risk reduction 

measures 

Risk 
analysis 

Risk 
assessment 

 

Figure 2.2 CP Quantitative Risk Analysis flowchart (CCPS, 2000). 

Risk management is the complete methodology in which qualitative and 
quantitative analysis methods are involved. The purpose of risk assessment is to 
provide information needed to support risk management. CIB (2001) states that 
the risk assessment of a system consists of the use of all available information to 
estimate the risk to individuals or populations, property or the environment, 
from identified hazards, the comparison with targets and the search for optimal 
solutions. As mentioned earlier, Kumamoto and Henley (1996) defines risk as a 
combination of five primitives: outcome, likelihood, significance, causal 
scenario and population affected. According to them risk assessment deals with 
primitives other than outcome significance, which involves a value judgment 
and therefore is evaluated in the risk management phase. 

Apart from risk assessment risk management includes risk reduction, where total 
expected damage cost and possibilities to lowering the probability and/or 
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consequence of occurrence are considered together with implementation and 
monitoring. 

Risk analysis is one part of the risk assessment and the first step in the analysis 
involves the definition of the system and subsequent identification of hazards. It 
is referred to as the qualitative risk analysis, opposed to the quantitative risk 
analysis where consequences, probabilities and risks are quantified (CIB report, 
2001). The causal relations can be developed by event and fault trees, which are 
analysed both qualitatively and quantitatively. After basic failure events leading 
to accidents have been identified the system can be improved and accidents 
reduced. CCPS (2000) divide the complete CPQRA procedure into component 
techniques stating that many analyses do not require the use of them all. The full 
logic of the methodology involves: 

1. CPQRA definition – converts user requirements into study goals 

2. System description - compilation of process/plant information needed 

3. Hazard identification 

4. Incident enumeration – identification and tabulation of all incidents 

5. Selection – significant incidents are chosen 

6. CPQRA model construction – selection of appropriate consequence 
models 

7. Consequence estimation – determination of the potential for damage 
or injury from specific incidents 

8. Likelihood estimation – estimating the frequency or probability of 
occurrence of an incident 

9. Risk estimation – combine the consequences and likelihood of all 
incident outcomes to provide measures of risk 

10. Utilisation of risk estimates – the process by which the results are used 
to make decisions. 

As mentioned, the CPQRA can be applied in an analysis using only parts of the 
total methodology. This is done when using fault tree analysis (FTA) where the 
FTA itself may satisfy the CPQRA without a full risk analysis. The stepwise 
procedure then consists of: 

1. system description and choice of system boundary 

2. hazard identification and selection of top event 

3. construction of the fault tree 

4. qualitative examination of the structure 

5. quantitative evaluation of the fault tree. 
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This analysis is equivalent with step 2 to step 8 in the total CPQRA and shows a 
qualitative part with system description, hazard identification, construction and 
examination of the fault tree and a quantitative part with the evaluation of the 
tree. The level of detail used in risk analysis can be broken down as for example 
made in the nuclear industry where PRA can be carried out in three levels 
(Stewart and Melchers, 1997): 

�� Level 1 – analysis of the probability of certain critical states being 
reached in a nuclear plant, e.g. loss of coolant failure; 

�� Level 2 – in addition also analyses of the consequences of various 
critical states being reached, with associated probabilities; and 

�� Level 3 – in which further analysis is done for the probable (adverse) 
effect on humans, including estimation of the loss of life and when 
this might occur. 

The primary goal for any reliability or safety analysis is to reduce or eliminate 
the probability of accidents and the attending human, economic and/or 
environmental losses. Accidents occur when an initiating event is followed by 
system failure and the types of basic failure events most commonly encountered 
are according to e.g. Kumamoto and Henley (1996): 

1. Events related to human beings, e.g. design or maintenance errors 

2. Events related to hardware such as leakage from valves 

3. Events related to the environment such as earthquakes, flood etc. 

Accidents are frequently caused by a combination of failure events, that is, 
human error plus hardware failure and/or environmental faults. A risk 
assessment objective is to identify the causal relationships between human, 
hardware and environmental events, which result in accidents and to find ways 
to prevent their impact. 

2.3 Qualitative risk analysis 

2.3.1 System definition 
Vesely et al (1981) have established the following definition of a ‘system’: 

A system is a deterministic entity comprising an interacting collection 
of discrete elements. (Swedish translation: Ett system är en 
deterministisk enhet omfattande en samling enskilda element som 
samverkar) 

However, this is not very useful from a practical point of view. Depending on 
what we want to analyse a system can be almost anything but it has to have a 
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purpose – it must do something and the discrete elements have to be identifiable. 
A system can be an industrial plant including plant personnel or just one 
computer in the plant. 

The system is built up with parts, components and sub-systems and both Vesley 
et al (1981) and Morgan and Henrion (1990) put emphasis on the importance of 
a careful examination of where to set the boundaries in the process of analysis 
and also looking at the implications of alternative choices of boundaries. The 
external boundaries of the system have to be established and it is also important 
to establish the internal boundaries (limit of resolution), i.e. in how small parts 
the system is going to be split up, since the system may has to be broken down 
in smaller sub-systems. The choice of external boundaries determines the 
comprehensiveness of the analysis and the choice of internal boundaries limits 
the detail of the analysis. It is important to communicate to others what 
bounding assumptions have been made, how carefully they and various 
alternatives have been considered, and how the boundaries may limit or 
otherwise affect the nature of the insight and understanding of the analysis. 
Clear communication of what is done, why it is done and what the analyst 
believes are the consequences are probably as important as anything (Morgan 
and Henrion, 1990). 

2.3.2 Hazard identification 
In the CIB report (2001) a hazard is defined as a set of conditions, which may 
lead to undesirable events. Identification of hazards and hazard scenarios is a 
crucial task in risk analysis and it requires a detailed examination and 
understanding of the system. There are two different approaches to system 
analysis: induction and deduction. Vesely et al (1981) defines that induction 
constitutes reasoning from individual cases to a general conclusion and 
deduction constitutes reasoning from the general to the specific. In summary, 
inductive methods are applied to determine what system states (usually failed 
states) are possible; deductive methods are applied to determine how a given 
state (usually a failed state) can occur. 

The initial hazard identification can, according to Hoej (2001), be based on well-
structured expert brainstorming, what-if analyses and statistics and is aimed at 
finding consequences for different events. Subsequent steps in the analysis can 
be performed using some of the developed methods that are available and used 
widely. The most common inductive methods are: 

• Hazard and operability analyses (HAZOP), which is a systematically 
inductive analysis of how deviation from the design specifications in a 
system can arise, and an analysis of the risk potential of these deviations. 
Based on a set of guidewords, scenarios, which may result in hazard or an 
operational problem, are identified. The following guidewords are 
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commonly used: NO/NOT, MORE OF/LESS OF, AS WELL AS, PART 
OF, REVERSE, AND OTHER THAN. The guidewords are related to 
process conditions, activities, materials, time and place (Aven, 1992). 

• Failure mode and effect analysis (FMEA), which is an inductive analysis 
method to reveal possible failures and to predict the failure effects on the 
system as a whole. The method represents a systematic analysis of the 
components of the system to identify all significant failure modes and to 
see how important they are for the system performance. Only one 
component is considered at a time, the other components are then 
assumed to function perfectly. FMEA is therefore not suitable for 
revealing critical combinations of component failure. The attention is in 
many cases focused too much on technical failures, whereas the 
contributions of human error are often overlooked. The strong point of the 
FMEA is the fact that it gives a systematic overview of important failures 
of the system, and it forces the designer to evaluate the reliability of the 
system. In addition it represents a good basis for more comprehensive 
quantitative analyses, such as fault tree analyses and cause consequence 
analyses (Aven, 1992). 

• Event tree analysis (ETA), which is an inductive logic method where one 
starts from a real or a hypothetical event and identifies all the possible 
consequences and calculates their probability of occurrence. The question 
to be answered in the establishment of an event tree is: What happens 
if...? The purpose of an event tree analysis is to assess systematically all 
the possible consequences of an initiating event. Simple logic is used 
without the introduction of any particular symbols in the representation 
(Darbre, 2001; McCormick, 1981). 

After using inductive methods to find consequences to different events, i.e. the 
hazards, the causes to the consequences can be analysed and identified using 
deductive methods, e.g. fault tree analysis (FTA). FTA is a deductive logical 
diagram showing the relationship between system failure, i.e. a specific 
undesirable event in the system, and failure of the components of the system. 
The undesirable event constitutes the top event of the tree and the different 
component failures constitute the basic events of the tree. A basic event does not 
necessarily represent a pure component failure; it may also represent human 
errors or failures due to external load, such as extreme environmental conditions 
(Aven, 1992). Starting from a real or from a hypothetical event (called top 
event), one identifies all the possible causes and the probability of occurrence. 
The question to be answered in the establishment of a fault tree is: What causes 
the undesirable event? (Darbre, 2001). 
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Another used method is cause-consequence analysis (CCA), which is essentially 
a combination of fault tree and event tree analysis, i.e. both inductive and 
deductive. The goal is to identify the cause of processes or critical states, and to 
determine their possible future outcome (or consequences), as well as their 
probability of occurrence. The starting point is “in the middle” of the diagram 
rather than at one “end” as with fault and event trees (Darbre, 2001). The 
method is particularly suitable for analysing systems and situations where the 
time and sequence of events is important (Aven, 1992). 

The choice of technique depends on the actual system and the objective of the 
analysis. For detailed analysis the available methods comprise e.g. fault trees 
(FTA), event trees (ETA), causal analyses and simulations. If a quantitative 
analysis of risk is to be carried out, a probabilistic model of the system must be 
established. Fault tree, event tree or cause-consequence diagram will usually 
represent the system. When the model with the data is established, the 
calculations can begin to estimate system risk and identify critical components 
and events. The calculations can be carried out by means of analytical methods 
or Monte Carlo simulation (Aven, 1992). PRA uses event tree and fault tree 
techniques to search for basic causes of outcomes. It is assumed that these 
causes are so basic that historic statistical data are available to quantify the 
probability of occurrence. If not, subjective probabilities must be estimated from 
expert opinions (Kumamoto and Henley, 1996). 

2.4 Fault tree analysis 

2.4.1 Introduction 
Fault tree analysis (FTA) was first developed in 1961 by H. A. Watson at Bell 
Telephone Laboratories in connection with a US Air Force contract to study the 
Minuteman Missile launch control system. Later the Boeing Company modified 
the concept for computer utilisation. In 1965, D. F. Haasl further developed the 
technique of fault tree construction and its application to a wide variety of 
industrial safety and reliability problems (Lee et al, 1985; Henley and 
Kumamoto, 1981). The review of fault tree analysis made by Lee et al (1985) 
state that the fundamental concept is the translation of a physical system into a 
structured logic diagram in which certain specified causes lead to one specified 
top event of interest. The logic diagram in Figure 2.3 is constructed using some 
of the event and gate symbols presented in Table 2.1 and 2.2. 
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Figure 2.3 Example of logic diagram in fault tree analysis. 

With reference to Villemeur (1991) the objectives of fault tree analysis or cause 
tree method as he prefer to call it, are to identify the various possible event 
combinations leading to a single undesirable event, the top event, and to 
represent these combinations graphically by means of a tree-like structure. With 
reference to its first objective, the method enables the analyst to identify the 
various causes of a single, clearly predefined event by applying deductive 
reasoning based on a number of principles and rules. The faults can be events 
that are associated with component failure, human error or any other event, 
which may lead to the undesired event. This deductive process is continued until 
so-called basic events are identified. They are the events for which probabilities 
will have to be provided if the fault tree is to be used for quantitative analysis 
calculating the probability of the undesirable top event. 

The central advantage of the fault tree vis-à-vis other techniques is that the 
analysis is restricted only to the identification of the system and component 
causes leading to one particular top event. Negative is that mistakes are difficult 
to find in large fault trees and the logic is sometimes difficult to follow. Fault 
tree structures are not unique; no two analysts construct identical fault trees but 
the construction of fault trees has gradually evolved and is now drawn in 
accordance with a set of basic rules that helps to ensure successful analysis of 
systems (Vesely et al, 1981; Kumamoto and Henley, 1996). 

2.4.2 Graphical presentation 
The fault tree is a graphical presentation built up with a set of standardised 
symbols denoted events and gates. The gate symbols represent the causal 
relationship between the events. The event and gate symbols commonly used 
and shown in Table 2.1 and Table 2.2 are primarily collected from McCormick 
(1981), Kumamoto and Henley (1996) and Vesely et al (1981). 
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Table 2.1 Fault tree event symbols commonly used. 

Symbol Name Description 

 Rectangle 
Fault event; it is usually the result of the logical 
combination of other events. 

 Circle Basic event. 

 
Diamond Fault event not fully developed to its causes 

 
House 

Either occurring or not occurring basic event; it is 
not a fault event. 

 Oval Conditional event with inhibit gate. 

 
Transfer-in 

The transfer-in appears at the bottom of a tree and 
represents branches that continuous someplace else. 

 
Transfer-
out 

The transfer-out appears at the top of a tree and 
denotes that the tree is a sub-tree to one shown 
someplace else. 

 
Table 2.2 Fault tree gate symbols commonly used. 

Symbol Name Description 

 
OR-gate 

The union operation of events i.e. the output event 
occurs if one or more of the inputs occur. 

 
AND-gate 

The intersection operation of events i.e. the output 
event occurs if all the inputs occur. 

 
INHIBIT-
gate 

Input event produces output event when conditional 
event occurs. 

The causal relation expressed by an AND-gate or OR-gate is deterministic since 
the occurrence of the output event is completely controlled by the input events. 
There are probabilistic causal relations, e.g. the accident does not always result 
in death, where the INHIBIT-gate is used and frequently appears when an event 
occurs with a probability according to a demand. It is used primarily for 
convenience and can be replaced by an AND-gate like most of the special gates, 
as for example Priority AND-gate, Exclusive OR-gate and Voting-gate, may be 
rewritten as combinations of AND- and OR-gates.  

Diamonds are used to signify undeveloped events in the sense that a detailed 
analysis into the basic faults are not carried out e.g. because of lack of 
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information. Failure due to sabotage is an example of an undeveloped event. 
Frequently, such events are removed prior to a quantitative analysis. They are 
included initially because a fault tree is a communication tool (Henley and 
Kumamoto, 1981; Kumamoto and Henley, 1996). Triangle symbols provide a 
tool to avoid repeating sections of a fault tree or to transfer the tree construction 
from one sheet to another. 

2.4.3 Faults and failures in fault tree analysis 
Vesley et al (1981) discuss the question of why using failure events instead of 
success events and establish the fact that it is easier to define system failure than 
system success. Though both failure and success have an infinite number of 
definitions it could well be a matter of controversy whether e.g. an airplane is a 
success or not. But it is hardly any doubt if the airplane crashes that the event 
constitutes system failure. Failure is defined as the termination of the ability of 
an entity to perform a required function, i.e. an entity will have failed when it is 
no longer able to fulfil its function (Vesely et al, 1981; Villemeur, 1991). When 
the entity works properly but at the wrong time it becomes a fault. They also 
state that all failures are faults but all faults are not failures with the comment 
that the definition is sometimes disputed. Kumamoto and Henley (1996) on the 
contrary defines everything as failures and do not separate fault and failure 
depending on background. 

Component
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failure
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failure

Command
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Component
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components
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Figure 2.4 Component failure characteristics (Villemeur, 1991; Henley and 
Kumamoto, 1981, Kumamoto and Henley, 1996). 
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Faults can be classified in three categories: primary, secondary or command 
faults depending on their causes. In Figure 2.4 the first concentric circle around 
“component failure” shows that failure can result from primary failure, 
secondary failure or command faults. These categories have their possible 
causes shown in the outermost circle. A primary fault is any fault of a 
component that occurs in an environment for which the component is qualified 
and it is not caused by the failure of another entity (Vesely et al, 1981; 
Villemeur, 1991). The component is in non-working state and repair actions are 
required to return it in to working state again. The primary fault occurs under 
inputs within the design envelope and component natural aging is responsible 
for the fault (Henley and Kumamoto, 1981). 

A secondary fault is any fault that occurs in an environment for which the 
component is not qualified and directly or indirectly caused by the failure of 
another entity. Primary and secondary faults are usually component failures and 
therefore often called primary and secondary failure (Vesely et al, 1981; 
Villemeur, 1991). A secondary failure is equal to a primary failure except the 
component is not held accountable for the failure. Passed or present excessive 
stresses placed on the component are responsible, e.g. stress from neighbouring 
components or the environment including meteorological or geological 
conditions or other engineering systems. Human beings such as operators and 
inspectors are also possible causes to secondary failures if they break the 
component. When the exact failure mode for a primary or secondary failure is 
identified and failure data is obtained, primary and secondary failure events are 
equal to basic failure events and may be visualised as circles in a fault tree 
(Henley and Kumamoto, 1981). 

A command fault in contrast, involves the proper operation of a component but 
in the wrong time or at the wrong place (Vesely et al, 1981; Villemeur, 1991). A 
command fault is a component being in non-working state due to improper 
control signals or noise and, frequently, repair action is not required to return the 
component to working state (Henley and Kumamoto, 1981). If an operator 
opens a valve because of incorrect instructions, his failure is a command fault 
(Kumamoto and Henley, 1996). 

2.4.4 Basic rules for fault tree construction 
According to Vesely et al (1981) the undesirable event for the system analysed 
constitutes the top event of the fault tree and generally consists of a complete or 
catastrophic failure. Therefore, careful choice has to be taken when selecting the 
top event to provide a successful analysis of the system. A too general top event 
gives a too large fault tree almost impossible to evaluate and a too specific 
description of the top event does not provide a sufficiently broad view of the 
system. In most system analysis the top event is not known and has to be 
established before the cause of the undesirable event can be developed. Large 
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systems have many different top events that have to be found through an 
inductive approach using e.g. event tree analysis or failure mode and effect 
analysis. 

Fault trees are drawn in accordance with some basic rules to ensure a successful 
analysis. Vesely et al (1981) constitutes some ground rules for the proper 
procedure. 

Ground rule I: Write the statements that are entered in the event boxes as 
faults, state precisely what the fault is and when it occurs. 

Ground rule II: If the answer to the question “Can this fault consist of a 
component failure?” is yes, classify the event as a state-of-
component fault. If the answer is no, classify the event as a 
state-of-system fault. 

C omponent failure

C ommand faultP rimary
component

failure

Secondary
component

failure

 

Figure 2.5 Development of a component failure (state-of-component event) 
(Kumamoto and Henley, 1996). 

If the fault event can be developed in the form of Figure 2.5 it is classified as 
state-of-component fault and an OR-gate should be added below the event and 
primary, secondary and command modes should be looked for. If not the fault 
event is classified as state-of-system fault and particular components cannot be 
specified and the tree has to be developed further down to state-of-component 
events. A state-of-system fault event may have an AND-gate or an OR-gate and 
top events and command faults are usually state-of system failure events. The 
procedure of developing state-of-system events down to state-of-component 
events is repeated and not terminated until there is no possibility of command 
faults (Vesely et al, 1981; Kumamoto and Henley, 1996). 
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More rules for constructing a fault tree are: 

No miracles rule: If the normal functioning of a component propagates a 
fault sequence, then it is assumed that the component 
functions normally. 

Complete-the-gate rule: All inputs to a particular gate should be completely 
defined before further analysis of any of them is 
undertaken. 

No gate-to-gate rule: Gate inputs should be properly defined fault events and 
gates should not be directly connected to other gates. 

The last rule, no gate-to-gate rule, comes from Vesely et al (1981) since 
shortcuts may lead to confusion. However, Kumamoto and Henley (1996) uses 
combinations of AND-gates and OR-gates to substitute more specified gates. 

2.5 Qualitative examination of fault trees 

2.5.1 Introduction 
When the tree structure has been established the qualitative analysis of the fault 
tree can be performed. The purpose of the qualitative analysis is to reduce the 
tree to a logically equivalent form in the terms of specific combinations of basic 
events sufficient to cause the undesired top event to occur. This will provide 
valuable information for design purpose as the critical events will be identified 
and the design can be revised. The basic mathematical technique involved in the 
assessment of fault trees is probability theory since it provides an analytical 
treatment of events, which are fundamental components in fault trees. 
Probability is the most widely used measure of uncertain belief but it is often 
confusion and controversy about what kind of notion it is, the frequentist, also 
called classical, or the subjective Bayesian probability (Morgan and Henrion, 
1990). Kaplan (1997) has put up three major meanings of the word ‘probability’. 
The first is the statistician’s meaning that can be called frequentistic or objective 
probability and refers to the outcome of a repetitive experiment of some kind. 
The second is the Bayesian probability that is degree of confidence or degree of 
certainty and is called subjective probability. Kaplan prefers to call it evidence-
based probability. The third is the mathematician’s meaning where a probability 
curve is a mathematical abstraction and where interest lays in the formal 
properties of such curves independent of their interpretation. The problem with 
the classical view of probability is that for most events of interest for real-world 
decision-making the relevant population of trials or similar events is not clear. 
Since different people may have different information relevant to an event and 
the same people may acquire new information as time progresses, there is 
strictly no such thing as “the” probability of an event. 
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2.5.2 Set theory and Boolean algebra 
Probability theory can be defined as the theory for random experiments where 
random experiments are defined as any observation or series of observations in 
which the possible result or results are non-deterministic (Vännman, 1979). The 
outcome events of random experiments can be organised using set theory and 
Boolean algebra. The set of all possible outcomes of an experiment is called 
sample space (Ω) and because of the uncertainty in the number of possible 
outcomes an event (E) usually is a subset of a sample space. There exists a 
graphical procedure that permits simple visualisation of set theory, known as 
Venn diagram. The set of all possible outcomes is usually represented by a 
rectangle and the events of interest are shown inside, Figure 2.6. 

Ω 

E1 
E2 

 

Figure 2.6 Venn diagram representation. 

Operations with events can be defined with the help of Venn diagrams and with 
symbols for union, intersection and complementation. The union of the events 
E1 and E2 is an event denoted (E1 ∪ E2) and it is a subset of sample points 
belonging to E1 or/and E2. The fault tree symbol representing the union is the 
OR-gate. The probability of occurrence of the output event E with the two input 
events E1 and E2 passing through an OR-gate is given by: 

 ( ) ( )1 2 1 2 1 2( ) ( ) ( )P E P E E P E P E P E E= ∪ = + − ∩  (2.1) 

The intersection of E1 and E2 is an event denoted (E1 ∩ E2) and it is the subset of 
sample points belonging to both E1 and E2. The fault tree symbol that represents 
the intersection is the AND-gate. The probability of occurrence of the output 
event E with the two events E1 and E2 passing through an AND-gate is given by: 

 ( ) ( )1 2 1 2 1 2 1 2( ) ( ) ( ) ( )P E P E E P E P E E P E P E E= ∩ = =  (2.2) 

If the events E1 and E2 are statistically independent from each other equation 
(2.2) can be written: 

 ( )1 2 1 2( ) ( ) ( )P E P E E P E P E= ∩ =  (2.3) 
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The two events E1 and E2 are said to be mutually exclusive if they have no 
sample points in common. In this case E1 ∩ E2 = Ø where Ø is the impossible 
event (an empty set). Let Ω be a sample space and E an event. The event 
containing all sample points in Ω not belonging to the event E is called the 
����������	
��������������������� ��	����∪�����Ω and E ∩�������������-
Christensen and Baker, 1982; Vesely et al, 1981). By using the basic operations 
of union, intersection and complementation, Boolean algebra allows the 
expression of events in terms of other events and the fault tree system failure can 
be expressed in terms of basic events by translating the fault tree into Boolean 
equations. According to e.g. Ang and Tang (1975) the operational rules for 
addition and multiplication of numbers also applies to the union and intersection 
of sets by assuming the following equivalences – union for addition and 
intersection for multiplication. In accordance with the hierarchy of algebraic 
operations, intersection takes precedence over union of events. However, 
conventional algebraic operations have no meaning relative to sets and events 
and there are operations that apply to sets with no counterparts in conventional 
algebra of numbers. Rules of Boolean algebra and fundamental axioms of 
probability theory are given in Appendix A. 

2.5.3 Minimal cut sets 
When evaluating the fault tree either the gate-to-gate approach or minimal cut 
set analysis can be used. When using the gate-to-gate method probabilities for 
each event up in the tree are determined until the top event is reached, i.e. first 
the basic event probabilities are determined, thereafter the output event to the 
basic events and so on. The problem is that basic events, which occur in 
different branches of the tree, are not correctly treated and the contribution to the 
failure probability of the top event is easy to underestimate. If, for example, the 
basic event appears in two branches of an AND-gate, the gate-to-gate method 
will give P(X) AND P(X) = P(X)2, when the correct value is P(X) (CCPS, 2000), 
cf. Appendix A. 

Minimal cut set analysis rearrange the fault tree into a new fault tree, which is 
logically equivalent to the original, consisting of an OR-gate beneath the top 
event whose inputs are the minimal cut sets. The minimal cut set expression for 
the top event can be written in the general form: 

 1 2 kT = M M .... M∪ ∪ ∪  (2.4) 

where T is the top event and M are the minimal cut sets. Each minimal cut set is 
an AND-gate containing a set of basic events necessary and sufficient to cause 
the top event. The general n-component minimal cut set can be expressed as: 

 n1 1 2M X X ..... X= ∩ ∩ ∩  (2.5) 



2 Review of literature in risk analysis 

 - 21 - 

where X1, X2, etc., are basic component failures in the tree. When using minimal 
cut set analysis the quantitative evaluation is performed by first determining the 
component failure probabilities, i.e. the basic event probabilities, then the 
minimal cut set probabilities and finally the system, i.e. the top event, 
probability. The probability of the top event is given by the probability of the 
union of the minimal cut sets. The relative quantitative importance of various 
cut sets can be obtained by taking the ratio of the minimal cut set probability to 
the total system probability (Vesely et al, 1981). The minimal cut sets also offer 
a qualitative examination of the fault tree by identifying critical events in the 
design phase to be eliminated or reduced (Ang and Tang, 1990). 

A rule is that OR-gates increase the number of cut sets whereas AND-gates 
enlarge the size of the cut sets (Vesely et al, 1981; Kumamoto and Henley, 
1996). A large system has an enormous number of failure modes and it is 
necessary to reduce the number using only those failure modes general in the 
sense that one or more of them must happen for system failure to occur.  

To determine the minimal cut sets of a fault tree, the tree is first translated to its 
equivalent Boolean equations and then either “top-down” or “bottom-up” 
substitution method is used. As an example consider the fault tree in Figure 2.7. 

E 2

A

E 1

E TOP

E 3 C
E 4

B AC B

 

Figure 2.7 Example of fault tree (Vesely et al, 1981). 
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The Boolean equations for the events in the fault tree are given by: 

 

1 2

1 3

3

2 4

4

TOPE E E

E A E

E B C

E C E

E A B

= ∩
= ∪
= ∪
= ∪
= ∩

 (2.6) 

There is now one equation for each gate in the tree. By substituting “higher” 
events with the basic events the top event will be expressed in terms of basic 
events. E4 is substituted into E2, which gives: 

 ( )2E C A B= ∪ ∩  (2.7) 

and E3 is substituted into E1, which gives: 

 ( )1E A B C= ∪ ∪  (2.8) 

Substituting E1 and E2 into the top event ETOP then gives: 

 ( )( ) ( )( )1 2TOPE E E A B C C A B= ∩ = ∪ ∪ ∩ ∪ ∩  (2.9) 

Expanding the equation gives: 

 ( ) ( ) ( ) ( ) ( )TOPE A C A B B C A B C A B C= ∩ ∪ ∩ ∪ ∩ ∪ ∩ ∪ ∪ ∩ ∩  (2.10) 

which do not have any counterpart in conventional algebra. Using the Venn 
diagram in Figure 2.8 shows that the answer to the equation is: 

 ( )TOPE C A B= ∪ ∩  (2.11) 

 

Ω 

A 
B 

C 

 

Figure 2.8 Venn diagram for ( )C A B∪ ∩  from Ang and Tang (1975). 
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The minimal cut sets of the top event are therefore C and AB where the basic 
event C alone or the combination of the basic events A and B can cause the 
occurrence of the top event. If any design criterion had been stated, for example, 
the system should not include any single component failure, the basic event C 
had to be examined to improve the design. 

Vesely et al (1981) point out another advantage of the minimal cut sets, which is 
the possibility to look for common-cause failures. By definition the top event 
occurs only if all basic events in a minimal cut set occur and therefore common-
causes of interest are those triggering all the basic events in a minimal cut set to 
occur. To identify minimal cut sets susceptible to common-cause failure 
categories are defined as for example manufacturer, environment, humidity and 
humans. The categories are then divided in more specific elements as different 
manufacturers or different type of moisture source. The minimal cut sets, which 
are potentially susceptible to common-cause failures, are those whose basic 
events all have the same element of a given category. 

2.6 Quantitative evaluation of fault tree 

2.6.1 Uncertainty 
Many factors in the construction industry are subjected to variability and 
uncertainty, some of which cannot be controlled. For example, the required 
durations of various activities in a construction project will depend on the 
availability of resources, including labour and equipment and their respective 
productivity, on weather conditions and on availability of material (Ang and 
Tang, 1975). Uncertainty is a capacious term and may arise because of 
incomplete information or because of disagreement between information 
sources. Uncertainty may also arise from linguistic imprecision, variability, 
quantity or about the structure of a model. Even where we have complete 
information in principle, we may be uncertain because of simplifications and 
approximations introduced. Very possibly, we may be uncertain about our 
degree of uncertainty. 

In quantitative risk analysis we are interested in the probability of occurrence of 
accidental events and for this purpose a model is developed, e.g. a fault tree, 
with the basic event probabilities as parameters. Morgan and Henrion (1990) 
suggest that probability distributions often are a good way to express uncertainty 
but only for the certain types of quantities they term empirical. Empirical 
quantities represent measurable properties of real-world systems being modelled 
and they include quantities in the domains of e.g. natural science and 
engineering such as oxidation rates or failure rates. The probabilities are 
subjective and express the uncertainties of the quantities. In developing and 
using probabilistic models, allowance must be made for the uncertainties 
associated with each random variable in the model. The uncertainties to be 
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considered can be categorised as (e.g. Morgan and Henrion, 1990; Thoft-
Christensen and Baker, 1982): 

��physical uncertainty concerned with the natural variability of the 
probabilistic phenomenon itself such as loads, material properties and 
dimensions; 

��modelling uncertainty concerned with the accuracy in mathematical 
models used for e.g. calculating the load effect; and 

��statistical parameter uncertainty arises due to lack of data and 
information, which makes the distribution parameters themselves to be 
considered as random variables. 

It will not always be possible to describe each basic variable with an appropriate 
probability distribution since the required information may not be available. In 
such circumstances a ‘point estimate’, which is a single numerical value, of the 
basic variable might be used, i.e. the best estimate, given by the known 
information (Stewart & Melchers, 1997; Melchers, 1999). Morgan and Henrion 
(1990) view the use of expert subjective judgment in quantitative analysis as an 
extremely important tool clearly preferable to available alternatives in many 
cases. However, the use of expert judgment is not a substitute for proper 
scientific research. Expert judgment can be helpful when decisions must be 
made before all the necessary science is known but one have to follow up with 
appropriate science to ensure that the assumptions are rooted in physical reality. 
The need for quality control can be handled with the standard processes of peer 
review. 

2.6.2 Structural reliability analysis 
Most planning and design of engineering systems must be accomplished without 
the benefit of complete information; consequently the assurance of performance 
can seldom be perfect. Safety will therefore only be assured in terms of the 
probability that the available strength will be adequate to withstand the lifetime 
maximum load. Ang and Tang (1990) mean that the problems of reliability of 
engineering systems may be seen as a problem of supply and demand. In other 
words, problems of engineering reliability may be formulated as the 
determination of the (supply) capacity of an engineering system to meet certain 
(demand) requirements. The available supply and the required demand cannot 
be determined precisely according to uncertainties but have to be modelled as 
random variables which gives the reliability of the system measured in terms of 
probability. 

Structural reliability analysis (SRA) is based on a probabilistic point of view and 
Cornell (1969) introduced the framework for structural codes based on 
probability theory to treat uncertainties by using predicted values (mean) and 
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measures of dispersion (standard deviation or coefficients of variation). The 
Joint Committee on Structural Safety (JCSS) has categorised the methods for 
safety checking of structures into two broad classes called level 3 and level 2. 
They are defined as: 

Level 3: Methods in which calculations are made to determine the exact 
probability of failure for a structure or structural component. 

Level 2: Methods involving certain approximate iterative calculation 
procedures to obtain an approximation to the failure probability of a 
structure or structural system. 

There are also methods called level 1 that are not reliability analysis methods 
but methods for design and safety checking, e.g. the partial coefficient method, 
which is the most commonly used (e.g. Thoft-Christensen and Baker, 1982). 

Structures or structural components “fail” when they encounter an extreme load 
or when a combination of loads causes an extreme load effect of sufficient 
magnitude for the structure to attain “failure state”, which may be an ultimate or 
a serviceability condition. Whereas electronic equipments are produced in 
considerable numbers, which gives the opportunity to establish failure 
probabilities in terms of relative frequency, the failure probability for a structure 
is a function of the analyst’s lack of knowledge of the properties of the structure 
and the uncertain nature of the loading (Thoft-Christensen and Baker, 1982; 
Melchers, 1999). Rettedal et al (2000) have applied SRA on quantitative risk 
analysis (QRA), when calculating risk in marine operations, because the analyst 
is able to model the physical system more precisely by calculating single 
probabilities, which are inputs in different methods used in QRA such as the 
basic events in fault tree analysis. A special feature of SRA is that the influence 
from several random variables and failure modes may be taken into account in a 
single analysis. This makes it possible for a whole section of a fault tree to be 
replaced by a single analysis based on SRA. The use of continuous variables is 
common in SRA and the ability to treat continuous variables is considered to be 
one of the main attractions by this technique. 

The purpose of the quantitative analysis is to establish the probability that the 
undesirable top event will occur. A fault tree can be seen as a reliability block 
diagram of series or parallel type where a series of linked boxes corresponds to 
an OR-gate and boxes in parallel corresponds to an AND-gate, shown in Figure 
2.9. This can be compared with structures where e.g. a truss is idealised with a 
series system and e.g. a wire is idealised with a parallel system (Rettedal et al, 
2000; Schneider, 1997). 
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Figure 2.9 Reliability block diagram and equivalent fault tree symbols for 
series and parallel systems. 

Evaluating the fault tree with Boolean algebra, which is described in section 2.5, 
gives a number of minimal cut sets, which are combinations (intersections) of 
basic events and the top event is the union of the minimal cut sets. This is 
equivalent with a series system, which gives that the minimal cut set i have the 
reliability: 

 1 iqℜ = −  (2.12) 

where qi is the probability of failure of a component (minimal cut set) i. 
Assuming independence between the events, the probability of the top event to 
occur is then given by 

 
1

( ) 1 (1 )
n

i
i

p P Top event q
=

= = − −∏  (2.13) 

where n is the number of minimal cut sets (Rettedal et al 2000). Each minimal 
cut set consists of basic events, either a single event or several basic events in 
combination. To use structural reliability analysis the occurrence of at least one 
basic event in the fault tree considered must be dependent on the outcome of a 
set of random variables, the basic variables X = (X1, X2,….,Xn) where the 
continuous random variables are expressed by their density functions fXi(xi). 
Further, it must be possible to describe the conditions under which the event will 
occur, the event space, using one or several limit state functions, i.e. G(X), 
logically connected by unions and intersections, where X is the vector of all 
relevant basic variables and G( ) is some function expressing the relationship 
between the limit state and the basic variables (Melchers, 1999). 

2.6.3 Basic variables 
The estimation of the system risk, i.e. the probability of the top event, requires 
quantitative description of both frequency and performance of the basic events. 
This means that the performance of e.g. components, loads, resistances and 
human actions must be known and the consequences of failure must be able to 
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estimate. The quantitative description of the performance of each basic event 
will usually be as a variable; either a ‘point estimate’ (deterministic) variable or 
a random variable (Stewart and Melchers, 1997). The fundamental variables that 
define and characterise the behaviour of a structure may be termed basic 
variables and they are usually the variables employed in conventional structural 
analysis and design. Typical examples are dimensions, densities or unit weights, 
materials, loads and material strengths. The compressive strength of concrete 
would be considered a basic variable though it can be related to more 
fundamental variables such as cement content, water-to-cement ratio, etc (Thoft-
Christensen and Baker, 1982; Melchers, 1999). The probability distributions to 
be assigned to the basic variables depend on the knowledge available. If it can 
be assumed that past observations and experience can be used, the probability 
distributions might be inferred directly from such observed data. 

The determination of empirical properties and probability distributions are based 
on observations of the properties of interest. The different properties are defined 
as random variables and are written in Latin capital letters, e.g. outdoor 
temperature T, and the individual measurements are written in small letters 
sometimes with an index added to clarify for example which measurement in 
order. From the observation a limited amount of results, sample, compared with 
the total population, i.e. the possible amount of observations, are received and 
the sample is best presented graphically in a histogram, Figure 2.10. 
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Figure 2.10 Histogram and probability density function. 
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The random sample can be described by so-called moments where the four main 
moments are the mean, the variance (and the standard deviation), the skewness 
and the kurtosis (e.g. Melchers, 1999; Schneider, 1997). The first moment, the 
mean, which is the sample average, is calculated by: 

 
1

1 n

x i
i

m x
n =

= ⋅∑  (2.14) 

The second moment, the variance, is a measure of the sample spread, and is 
determined by: 

 2 2

1

1
( )

1

n

X i X
i

s x m
n =

= ⋅ −
− ∑  (2.15) 

The standard deviation, s, is the square root of the variance and has the same 
unit as the sample. From the mean and the standard deviation the coefficient of 
variation can be calculated by: 

 X
X

X

s
v

m
=  (2.16) 

The coefficient of variation is a measure of the uncertainty in the predicted value 
(Cornell, 1969). The third moment, the skewness, is a measure of the symmetry 
of the distribution and is given by: 

 3
3

1

( )
( 1) ( 2)

n

X i X
iX

n
d x m

n n s =

= ⋅ −
− ⋅ − ⋅ ∑  (2.17) 

The fourth moment, the kurtosis, is a measure of the ‘flatness’ of a distribution 
and is given by: 
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e x m

n n n s =

= ⋅ −
− ⋅ − ⋅ − ⋅ ∑  (2.18) 

The greater the moment, the ‘flatter’ or less peaked is the distribution. 

Histograms are not always a good representation of the entire population from 
which the random sample was taken. If the size of the random sample increases 
the histogram will loose the stepwise character and become more like a 
continuous function, which is defined as distribution function. In Figure 2.10, a 
probability density function, fX(x) and often abbreviated pdf, is shown 
corresponding to the histogram. The integration of the probability density 
function is the cumulative distribution function FX(x), which corresponds to the 
cumulative frequency of the sample, Figure 2.11. 
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Figure 2.11 Probability density function a) and cumulative distribution function 
b) of the standard normal distribution (Schneider, 1997). 

The moments of the continuous distribution functions are designated by Greek 
letters and the first moment, the mean, is defined as: 

 ( ) ( )X X i X i
i

x f x dx x p xµ
∞

−∞

= ⋅ ≈ ⋅∑∫  (2.19) 

The second moment, the variance, is defined as: 

 2 2 2( ) ( ) ( ) ( )X i X X i X X i
i

x f x dx x p xσ µ µ
∞

−∞

= − ⋅ ≈ − ⋅∑∫  (2.20) 

The third moment, the skewness, is defined as: 

 3 3( ) ( ) ( ) ( )X i X X i X X i
i

x f x dx x p xδ µ µ
∞

−∞

= − ⋅ ≈ − ⋅∑∫  (2.21) 

and for symmetrical distributions δ = 0. Values greater than zero indicate a left 
skewed distribution whose mode is less than the mean. The fourth moment, the 
kurtosis, is defined as: 

 4 4( ) ( ) ( ) ( )X i X X i X X i
i

x f x dx x p xε µ µ
∞

−∞

= − ⋅ ≈ − ⋅∑∫  (2.22) 

and for the normal distribution ε = 3. Values greater than three indicate a 
distribution less peaked than the normal distribution. 

Distributions are often abbreviated with capital letters representing the type of 
distribution followed by the parameters in parentheses, e.g. N(50;10) standing 
for a normal distribution with the mean µX = 50 and the standard deviation σX = 
10. Different distribution types and its parameters will not be described here 
since they are well presented in the literature, e.g. Schneider (1997). 
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When two or more random variables are involved, the characteristic of one 
variable may depend on the value of the other variable (or variables). The degree 
of predictability will depend on the degree of mutually dependency or 
correlation between the variables, as measured (in the linear case) by the 
statistical correlation (Ang and Tang, 1975). Observations are often including 
measurements of several parameters and the question arises whether there exists 
any dependency between the random variables. Plotting the values in a 
scattergram may constitute as a first control of dependency. Further, the 
correlation coefficient for the sample can be calculated using: 

 ,
, ,1 1X Y

X Y X Y
X Y

s
r r

s s
= − ≤ ≤

⋅
 (2.23) 

where sX,Y is the covariance and defined by: 
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n

X Y i X i Y
i

s x m y m
n =

= ⋅ − ⋅ −
− ∑  (2.24) 

The variables are fully positive or negative correlated if the correlation 
coefficient is 1 or -1 and independent of each other if r ≈ 0. Attention should, 
however, be taken to the fact that the correlation coefficient only recognise 
linear correlation and higher order correlation may be present. 

Continuous distributions may also be two-dimensional so-called joint 
probability density functions, fX,Y(x,y). The probability density functions of the 
random variables are called marginal density functions since they can be 
represented by probability density functions on the margin, Figure 2.12. 
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Figure 2.12 Joint probability density function and its marginal density 
functions. 
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The covariance and correlation coefficient for continuous functions are 
calculated using: 

 ,
, ,1 1X Y

X Y X Y
X Y

σ
ρ ρ

σ σ
= − ≤ ≤

⋅
 (2.25) 

where: 

 , ,( ) ( ) ( , )X Y X Y X Yx y f x y dxdyσ µ µ
∞

−∞

= − ⋅ − ⋅∫ ∫  (2.26) 

For uncorrelated variables are: 

 , ( , ) ( ) ( )X Y X Yf x y f x f y= ⋅  (2.27) 

The theory presented can be extended to an arbitrary number of random 
variables. Graphical presentation is impossible in the hyperspace but analysis is 
still possible. The most important computational rules for random independent 
variables are for the sum of two variables (Schneider, 1997): 

 Z a b X c Y= + ⋅ + ⋅  (2.28) 

 Z X Ya b cµ µ µ= + ⋅ + ⋅  (2.29) 

 2 2 2 2 2
Z X Yb cσ σ σ= ⋅ + ⋅  (2.30) 

and for the product of two random variables: 

 Z a X Y= ⋅ ⋅  (2.31) 

 Z X Yaµ µ µ= ⋅ ⋅  (2.32) 

 2 2 2 2 2 2 2 2( )Z X Y Y X X Yaσ µ σ µ σ σ σ= ⋅ ⋅ + ⋅ + ⋅  (2.33) 

For arbitrary functions of several random variables, e.g. Y = G(X1, X2; … Xn), no 
closed-form solution can be found and the integration over the failure domain 
cannot be performed analytically. However, the solution can be made more 
tractable by simplification or numerical treatment. Two dominant approaches 
have emerged (Melchers, 1999): 

��sidestepping the integration process completely by transformation – the 
so-called ‘First Order Second Moment’ method and 

��using simulation – the so-called ‘Monte Carlo’ method. 

The central limit theorem provides useful information of the shape of the 
probability density distributions for sums and products of independent variables. 
Provided that none of the variables dominates the distribution of the sum of n 
arbitrary random variables Xi approaches the normal distribution, independent of 
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the distribution types of the variables, with increasing n. The distribution of the 
product of n arbitrary random variables Xi approaches the log-normal 
distribution, independent of the distribution types of the variables, with 
increasing n (Schneider, 1997). 

2.6.4 Fundamentals of structural reliability analysis 
As mentioned before, problems of engineering reliability can be formulated as 
the determination of the (supply) capacity of an engineering system to meet 
certain (demand) requirements. The available supply and the required demand 
cannot be determined precisely according to uncertainties but have to be 
modelled as random variables which gives the reliability of the system measured 
in terms of probability. For this purpose Ang and Tang (1990) define the random 
variables: 

  X = The supply capacity 

  Y = The demand requirement 

The same reasoning is also valid for structural reliability analysis where the 
random variables are defined as (e.g. Thoft-Christensen and Baker, 1982; 
Melchers, 1999): 

  R = Resistance 

  S = Load effect 

The random variables R and S are described by their probability density 
functions shown in Figure 2.13. 
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Figure 2.13 Probability density functions for random variables R and S. 

The probability that S falls inside the infinitesimal interval ds is: 

 ( )S Sp f s ds=  (2.34) 
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and the probability that R falls inside or below this interval is: 

 ( )
s

R Rp f r dr
−∞

= ∫  (2.35) 

Under the conditions that R and S are statistically independent, the probability 
that S falls inside the interval ds when R ≤ s is given by: 

 ( ) ( )
s

S Rf s ds f r dr
−∞

⋅ ∫  (2.36) 

The total failure probability Pf is obtained by considering all possible values of 
s, i.e. by taking the integral over all s: 

 ( ) ( ) ( ) ( )
s

f S R S RP f s f r dr ds f s F s ds
∞ ∞

−∞ −∞ −∞

 
= = 

 
∫ ∫ ∫  (2.37) 

The probability density functions R and S in Figure 2.14 are plotted as marginal 
probability density functions on the r and s axes and the limit state equation 
M=R – S = 0 separates the safe region from the failure region and divide the 
volume in two parts. The volume is unity and the design point (r*, s*) lies on the 
straight line where the joint probability density is greatest, i.e. if failure occurs it 
is likely to be there. 
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Figure 2.14 Representation of the limit state equation M = R – S separating the 
safe region from the failure. 



 

 - 34 - 

The difference between the two basic variables is called the safety margin, M, 
and is given by 

 M R S= −  (2.38) 

In the general case, analytical methods do not exists for the integral in equation 
(2.37) except if R and S are independent normally distributed variables. 

 ( , )R RR N µ σ∈  (2.39) 

 ( , )S SS N µ σ∈  (2.40) 

Then M, which is a linear function of R and S, also is normally distributed 
according to the central limit theory: 

 ( , )M MM N µ σ∈  (2.41) 

where 

 M R Sµ µ µ= −  (2.42) 

 2 2 2
M R Sσ σ σ= +  (2.43) 

The normal probability density function for M is given by: 

 

2

2

( )

21
( )

2

M

M

x

M

M

f x e
µ
σ

σ π

−−

=  (2.44) 

The probability that M < 0 is then given by: 
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The normal distributed function can be standardised into (0,1)M N∈ , given: 

 
1M

M M

x
y dy dx

µ
σ σ
−= → =  (2.46) 

 
2

2

2 2

1 0
( 0)

2

M

M y
M S R

M S R

P M e dy

µ
σ µ µ µ

σπ σ σ

−
−

−∞

  − − < = = Φ = Φ   +   
∫  (2.47) 

where Φ is the standard normal distribution function. 
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The reliability (safety) index β, which is the number of standard deviations by 
which µM exceeds zero, illustrated in Figure 2.15, can now be defined as: 
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 (2.48) 
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Figure 2.15 Illustration of reliability index β. 

If R and S are jointly normally distributed with correlation coefficient ρ, 
equation (2.48) still holds but σM is given by: 

 2 2 2M R S R Sσ σ σ ρσ σ= + +  (2.49) 

If the safety margin M is linear in the basic variables X1, ...., Xn, then: 

 0 1 1 ... n nM a a X a X= + ⋅ + + ⋅  (2.50) 

and it becomes easy to calculate the reliability index β as 

 0 1 1 ...M n na a aµ µ µ= + ⋅ + + ⋅  (2.51) 

 2 2 2 2 2
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n n

M n n ij i j i j
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a a a aσ σ σ ρ σ σ
= = ≠

= ⋅ + + ⋅ + ⋅ ⋅ ⋅ ⋅∑ ∑  (2.52) 

where the last term accounts for correlation between any pair of basic variables. 

2.6.5 First-order second-moment theory (FOSM) 
In the First-order second-moment (FOSM) method the terminology ‘second-
moment’ refers to the description of all random variables in terms only by their 
mean (the first moment) and their variance (the second moment). The term 
‘first-order’ defines the expression for the failure condition as a linear function. 
The presentation in the previous section assumed a safety margin linear in the 
basic variables. If the safety margin is non-linear approximate values can be 
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obtained by expanding the function as a Taylor series with only the first term 
taken and the mixed terms neglected. For the limit state function, the mean value 
and the variance following formulas apply (Schneider, 1997; Thoft-Christensen 
and Baker, 1982): 
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Approximations which linearise the limit state function at the design point x* is 
denoted ‘first-order’ methods. However, the choice of expansion point affects 
the accuracy of the reliability index β. 

In 1974, Hasofer and Lind presented a format on second-moment reliability with 
the emphasis to find the distance between the origin perpendicular to the failure 
surface and in this way calculate the reliability index β. The first step in defining 
the Hasofer and Lind’s reliability index β is to normalise the basic variables into 
the z-coordinate system, i.e. into their standardised form N(0,1). The variables 
are defined as: 

 where 1, 2, ...,i
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and µX and σX are the mean and the standard deviation of the random variable X. 
Note that µZ = 0 and σZ = 1. The limit state function must also be transformed 
and is given by g(Z) = 0. The transformation can only be performed if the 
random variables are uncorrelated. If not, uncorrelated random variables have to 
be found using eigen-values and eigen-vectors. This will not be shown here but 
can be found in e.g. Melchers (���������	����

��	������������� �!�"���	��#�#	����

be ignored and the variables be treated as independent of each other (Melchers, 
1999; Schneider, 1997). The limit state function after normalisation is defined 
as: 

 1 2( , ..., )nM g Z Z Z=  (2.57) 

Hasofer and Lind’s reliability index β is defined as the shortest distance from 
the origin perpendicular to the failure surface in the normalised z-coordinate 
system. For the two-dimensional case in Figure 2.16 the reliability index β is 
equal to the distance OA and the point A on the failure surface is called the 
design point. 
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Figure 2.16 Definition of Hasofer and Lind’s reliability index β. 

In the design point the limit state function is given by: 
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The vector perpendicular from origin to the limit state function and the design 
point is then given by: 

1 2 1 2

1

* ( , ..., ) * ( , ..., )
, ... ,n nX X X X X X

n

g g

z z

α β α β α β α β α β α β∂ ⋅ ⋅ ⋅ ∂ ⋅ ⋅ ⋅ 
− − ∂ ∂ 

 (2.59) 

and the length of the vector is (2.60): 
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The vector is coinciding with the unity vector (α1, α2, ..., αn) which gives that 
the sensitivity factor α is defined as: 
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The sensitivity factor has an important practical implication since a very low 
value on αi signal that the random variable zi might well be treated as a 
deterministic variable. The sensitivity factors α and the reliability index β can 
now be estimated iteratively. 
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2.6.6 Monte Carlo simulation 
As the name implies, Monte Carlo simulation involve sampling at random to 
simulate artificially a large number of experiments and to observe the result. In 
its simplest approach this means sampling each random variable Xi randomly to 
give a sample value xik where the index k stands for the kth simulation of a set of 
xi. Each set of the k realisations gives a value: 

 0 1 2( , , , ..., )k k k nkg G a x x x=  (2.62) 

By repeating this process many times it is possible to simulate the probability 
distribution for G by progressively building up a large sample and it may be 
treated in the same way as any other statistical sample. The exact probability 
distribution for G will not be of any standard form although the form of the 
probability distribution of the most dominant basic variable may govern it. 
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Figure 2.17 Principles for Monte Carlo simulation (from Schneider, 1997). 

The simulation is made with a random number generator that produces random 
numbers aik between 0 and 1, Figure 2.17. Such a number is interpreted as a 
value of the cumulative distribution function FXi(xi) and delivers the associated 
realisation xik of the variable Xi. Since G ≤ 0 corresponds to failure, Pf may be 
expressed as: 

 0( 0) limf z

z
P P G

z→∞
= ≤ =  (2.63) 

where z is the total number of trials and z0 is the number of failures, i.e. in which 
G(x1, x2, ..., xn) ≤ 0 (Thoft-Christensen and Baker, 1982). The greater the number 
of z0, the more reliable is the value of Pf. The necessary number of trials depends 
on the required coefficient of variation for the probability of failure. The 
coefficient for small Pf can according to Schneider (1997) be written as: 
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For a coefficient of variation of 10 % and the probability for failure of 10-4 as 
many as 106 simulations have to be produced. It is advisable to simplify the 
problem as much as possible but attention needs to be given to whether the 
output is likely to be meaningful with the data available. A second-moment 
analysis might be useful and accurate to check the outcome (Stewart and 
Melchers, 1997). 

2.7 Summary 
The definition of ‘risk’ principally depends on whom you ask and the 
recommendation is to clearly define the word. The definition to be used in this 
work is that ‘risk’ is the probability for an undesirable event to occur and the 
undesirable event is the release of air pollutants into the indoor environment. 
The consequence of the undesirable event is human beings becoming unhealthy 
and because of its medical character the consequences will be considered using 
threshold values stated in codes. 

The risk analysis applied on indoor environment will include a qualitative and a 
quantitative analysis. The qualitative part will include system definition and 
hazard identification and the quantitative part will include risk estimation 
meaning quantifying the probability of occurrence of unhealthy indoor 
environment. In most system analysis the undesirable event is unknown and has 
to be established before the cause to the hazard can be developed. The 
undesirable event in this work is already established and the question is: How 
does the unhealthy indoor environment occur? It constitutes a deductive 
reasoning to find out what basic faults contribute to system failure. Fault tree 
analysis will be used since it is a commonly used deductive method possible to 
evaluated both qualitatively and quantitatively and for which rules and 
guidelines exists. 

Fault tree analysis is mainly developed to use on systems built up with 
electronic equipment where basic event probabilities often are tabulated in 
different kinds of databases as e.g. the nuclear industry. In the building industry 
failure probability is more difficult to establish in terms of relative frequency. 
This uncertainty can be handled using structural reliability analysis (SRA) in the 
quantitative risk analysis whereas a special feature of SRA is that several 
random variables can be taken into account in a single analysis. This makes it 
possible to analyse a whole branch of a fault tree in a single analysis and 
structural reliability methods will therefore be used, comprising probability 
theory to handle the uncertainties, and first-order second-moment analysis and 
Monte Carlo simulation to evaluate the risk for an unhealthy indoor environment 
to occur depending on how the building is designed and/or constructed. 
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3 INDOOR ENVIRONMENT AND AIR QUALITY 

3.1 Introduction and background 
Indoor environment and indoor air quality have been, and still are, subjected to 
extensive research efforts both in the technical and in the medical field of 
science. Conferences as for example ‘IndoorAir’ and ‘Healthy Buildings’ are 
held with a large number of participants from all over the world. Keeping up to 
date in the enormous field of research in indoor environment is an almost 
impossible task but also very interesting. This work will therefore focus 
foremost on research considering conditions in Sweden and indoor environment 
related to building components and building material. 

An early public health goal in Sweden was the elimination of overcrowding and 
the creation of dry, light and spacious dwellings for all social layers of the 
population. With social policies and building regulations these goals became to a 
large extent accomplished after the Second World War (Thörn, 1999). But the 
situation changed and in the beginning of the 1970s attention focused again on 
the emergence of health problems connected with buildings. The cause to these 
problems is generally considered to be the oil embargo in 1973 with the need for 
more energy-efficient buildings, and the increasing use of synthetic building 
material. 

One of the first nation-wide surveys in Sweden concerning indoor climate in 
dwellings was made in the ELIB-study in 1991/1992. Background to the survey 
was the attended health problems that started in the 1970s in new or rebuilt 
dwellings. The survey gave strong evidence that Sweden was confronted with 
health problems related to indoor climate and that between 600.000 and 900.000 
persons lived in dwellings with an indoor climate affecting health and well being 
(Norlén and Andersson, 1993). In 1994 Sweden signed the “Declaration on 
Action for Environment and Health in Europe” which was adopted by the 
European ministers of health and the environment at a meeting in Helsinki. On 
account of that the Swedish Government appointed a Commission on 
Environmental Health in 1995 with the primary task to obtain an overall picture 
of environmental and public health and to present a national action plan to 
decrease the environment-related health risks in Sweden. The plan of action was 
presented in 1996 and one area of concern was indoor air with focus on radon 
and “sick buildings”. Building material was also high lightened as an area for 
measurements and the overall goal was that “No one shall get sick or have 
symptoms from defects in indoor environment”. As a result of the plan Swedish 
National Institute of Public Health carried out an information campaign on 
indoor environment “Inne 99” together with several authorities, organisations, 
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enterprises, municipalities and county councils (SOU 1996:124; Folkhälso-
institutet, 1998). 

The Swedish Environmental Code (SFS 1998:808) was adopted in 1999 and 
replaced several different laws in the area of environment. The same year, the 
Swedish Parliament adopted fifteen environmental quality objectives with “A 
Good Built Environment” as one of them. Responsible for interim targets and 
action strategies for this quality objective is the Swedish National Board of 
Housing, Building and Planning with the emphasis on questions involving 
housing, performance and administration of the Swedish building stock. One of 
the targets consider an improved indoor environment where human beings are 
protected from negative exposure from poor indoor environment caused by e.g. 
temperature, emissions, ventilation, moisture, noise, radon or electromagnetic 
fields. The goal for 2020 is that building related health problems are almost 
eliminated and that the knowledge on problems, thresholds and preventative 
measurements in medical research has improved considerably (Boverket, 1999). 

3.2 Research on indoor environment 
The Swedish Research Council for Environment, Agricultural Sciences and 
Spatial Planning (Formas) is organising the healthy building research in Sweden 
in the program “The Healthy Building” which was initiated in 1998. The 
program, which involves several of the Nordic countries, is interdisciplinary and 
has the overriding goal to cut by half the number of indoor environment related 
health problems and the risk of incorrect actions in design, construction and 
building management, which may cause indoor environment related health 
problems. In order to come to grips with the problems caused by buildings, a 
holistic approach, i.e. studying the overall picture instead of specific parts, has 
been adopted to get an understanding of the building as a system (Abel et al, 
2002). A recently published thesis (Hult, 2002) associated with the program 
presents a methodology to assess and ensure indoor environment quality in 
buildings during program, design and management phases. Different tools are 
proposed to collect data for the assessment and to structure the decision making 
with focus on indoor environment quality in the planning process. The 
methodology is a part of EcoEffect, which is a method developed in a research 
project at the Royal Institute of Technology for calculation and assessment of 
environmental loads caused by a building during an assumed lifetime. 

“The Building and its Indoor Environment” is a research school at Lund Institute 
of Technology, which is supported by the Swedish Foundation for Knowledge 
and Competence Development, with the purpose to help Swedish industries to 
increase their competence in questions concerning the environment in our 
buildings. One project intends to develop a method for labelling the indoor 
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environment in dwellings and a knowledge compilation has been published 
concerning the link between indoor environment and health (Björck, 2001). 

Several research programs in indoor environment and indoor air quality are in 
progress in several of the other Nordic countries. At the Technical University of 
Denmark the International Centre for Indoor Environment and Energy is situated 
financed by the Danish Technical Research Council. The Centre cover a wide 
range of interdisciplinary research topics with focus on indoor environment, 
building physics and airflow dynamics and the overall aim is to acquire new 
knowledge and integrate and develop design methods that optimise buildings, 
their systems and their indoor environment. Also in Denmark, a research 
program “Moulds in buildings, 1998-2001” is supported by the Danish research 
agency. The three main areas of the program deal with medical, microbiological 
and building-related aspects and the overall aim is to combat mould growth in 
existing buildings and to prevent growth in future buildings by establishment of 
a more secure basis for decisions. Moreover, it is the aim to further clarify the 
causal relation between exposure to mould growth in buildings and adverse 
health effects (Gravensen et al, 2000). 

The National Technology Agency, Tekes, in Finland is financing a program for 
indoor air quality and buildings. Companies from real estate, construction and 
products industry participate together with all important research institutes. The 
aim of the program is to raise the level of knowledge in Finnish industry and to 
improve the average indoor air quality in the Finnish building stock (Rantama, 
2000). Another Finnish research program is “Finnish research program on 
environmental health (SYTTY)” were about one third of the budget is for indoor 
research belonging to moisture, mould and health. The aim is to focus on 
exposure to biological and chemical indoor air pollutants, social impact of the 
mouldy house problem and technical solutions in order to improve indoor air 
quality (Juuti and Tuomisto, 2000). 

3.3 Causes to unhealthy indoor environment from the building 
In an interdisciplinary Nordic workshop in Copenhagen 1999 for better indoor 
climate, the discussion concerned the economic, legal and user oriented data and 
tools which clients and authorities need for a good and resource efficient indoor 
climate (Bakke and Lindvall, 1999). They pointed at the need for tools and 
decision models for helping decision makers in the different stages in the 
building process. Factors in the indoor environment of particularly high concern 
were moisture and radon. Factors of high concern were volatile organic 
compounds. Compilation of the first stage of the research program “The Healthy 
Building” showed that the understanding of a number of unexplained building 
related health problems had advanced (Abel et al, 2002). Several risk factors in 
the indoor environment for adverse health effects are suspected and some of 
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these risk factors originate from mistakes in design, construction and 
maintenance of buildings. There are strong correlations between damp buildings 
and health but also factors as certain building design, such as concrete slab on 
ground and PVC-flooring together with dampness, presence of mould and 
exposure to chemicals, increase risks. The final conclusion is that by now, it is 
rather well known which deficiencies in building design and construction may 
lead to indoor air problems and adverse health effects and that further research 
should focus on e.g. material testing, improvement of quality assurance and 
legal systems. 

In Björk (2001) factors that affect the indoor environment and health are listed 
and factors, which depend on the building material or some mistake in the 
building process, are e.g. ionised radiation from radon in the soil air, chemical 
emissions from building material and growth of microorganisms in and/or on 
building material that will produce spores and secondary metabolites. Inneboken 
(Folhälsoinstitutet, 1998) also rank radon and damp buildings as the most 
prioritised problems of indoor environment. Damp building material causes both 
chemical and microbiological degradation.  

3.4 Legislation and guidelines on indoor air quality 
The indoor environments effect on human beings is a complicated interplay 
where technical, psychological and medical aspects are included. A number of 
factors, i.e. temperature, wind, sun and precipitation affect the building and give 
rise to physical, biological and chemical reactions that in turn gives a certain 
indoor environment. The knowledge of how the human being is affected by the 
indoor environment is incomplete and makes it difficult to formulate guidelines 
for good indoor environment (Samuelsson et al, 1998). Despite the many years 
that scientists have been working in the field of air pollution it has not become 
entirely clear what indicators should be used as a measure for good quality of 
air. Indoor air quality has not only to do with the presence or absence of 
whatever type of pollutant. It is also essential to take into account that it is the 
overall sensory perception that determines to a large extent if we judge indoor 
air to be good or bad quality.  

In cases where there is no obvious single answer to a question, society generally 
chooses to work with rules, which make us believe that we can guarantee 
something that is not always true. The paradigm shift from deterministic to 
probabilistic thinking that was introduced by the scientific discoveries at the 
beginning of the last century has not yet found its way into our minds 
sufficiently well. According to Seifert (2000) indoor air science, therefore, have 
an advantage because no standards have been set but rather guideline values for 
indoor air pollutants have been proposed which give room for meaningful 
interpretation. 
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The Swedish environment legislation is extensive with the Swedish 
Environmental Code (SFS 1998:808), adopted in 1999, in superior position. The 
Environmental Code (EC) replaced fifteen different laws in the area of 
environment and holds for all activity, which can cause damage or 
inconvenience to human health or environment or which can jeopardise long-
term economising of land and water resources. Chapter 9 §3 in the EC states that 
with inconvenience to human health means disturbance, due to medical or 
technical judgement, that affect human health detrimentally and which is not 
insignificant or temporary. The EC is an umbrella act for other laws and for the 
building sector the Planning and Building Act exists with the main objective to 
stimulate a suitable use and good economising of available land and water 
resources and the man-made environment with due consideration given to 
providing a proper frame for development. The Swedish Government empowers 
via ordinances the authorities, e.g. the Swedish National Board of Housing, 
Building and Planning, which is the Swedish Government authority for 
planning, management of land and water resources, urban development, building 
and housing, to issue regulations and general advices, in accordance to the acts, 
to supervision authorities and for design purpose. Among the regulations are the 
Swedish Building Regulations, BBR, and the Swedish Design Regulations, BKR 
(Boverket; Byggentreprenörerna, 1999). Swedish regulations and general 
advices concerning indoor environment will be more specified further on. It is, 
however, worth mentioning that according to a verdict in 2002 in the Swedish 
Court of Environment the building proprietor is obliged to prove that dwellings 
do not constitute inconvenience to human health (Miljööverdomstolen, mål 
5331-02). 

Looking at the international work on guidelines of indoor environment the 
World Health Organisation (WHO) considered that the inadequate quality of 
indoor air aroused from poor articulation, appreciation and understanding of the 
basic principles underlying the policies and actions related to indoor air quality. 
As a result, a working group was convened to agree on a set of statements on 
“The right to healthy indoor air” derived from fundamental principles in the 
field of human rights. These statements inform the individuals and groups 
responsible about their rights and obligations and empower the general public by 
making people familiar with those rights (WHO, 2000b). WHO has also 
published “Air quality guidelines for Europe” (WHO, 2000a) where the aim is 
to provide guidelines as a basis for protecting public health from adverse effects 
of air pollutants and to eliminate or reduce exposure to those pollutants that are 
known or likely to be hazardous to human health or well being. The revised 
edition is being used as a starting point for the derivation of legally binding limit 
values in the framework of the EU Air Quality Directive. The guidelines do not 
differentiate between indoor and outdoor air exposure. 
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International Council for Research and Innovation in Building and Construction 
(CIB) has established a task group, TG42, together with the International 
Society of Indoor Air Quality and Climate (ISIAQ) to deal with the importance 
of a good indoor climate taking into consideration all the aspects, as for example 
ventilation, building material, quality of design and construction work, in all the 
stages of the building process. The work is going to result in CIB-ISIAQ 
guidelines “Performance criteria of buildings for health and comfort” and the 
intention is to use it in the design and construction of healthier and more 
comfortable buildings and their mechanical systems. 

3.5 Health 
An often-cited estimation of how much time we spend indoor is 85-90%. Maybe 
this would plead for more outdoor activities but it also requires higher demands 
on indoor environment than before. There is much to suggest that well being is 
an important factor to health and also the creation of good indoor environments. 
Despite of this knowledge an increasing number of people in Sweden suffer 
from allergy and asthma but also from unspecific symptoms, which is 
considered to be caused by the conditions in buildings (Hus & Hälsa, T6:2000). 
In the public health debate and in the research of building related health 
problems there are two different terms commonly used: “Sick Building 
Syndrome” (SBS) and “Building Related Illness” (BRI).  

The Sick Building Syndrome has been defined by the World Health 
Organisation as a combination of general symptoms as well as symptoms 
present in the mucosal membranes and skin. Inherent in the definition is that the 
symptoms are related to residence or work in a certain building. Physical status, 
laboratory tests and other medical examinations are as a rule normal. Symptoms 
of SBS can be e.g. irritation of the eyes, nose and throat, experience of dry skin, 
fatigue and/or headache (Thörn, 1999). The Building Related Illness is defined 
as diseases related to buildings, which often have clinical manifestations that can 
be recorded objectively, Table 3.1. 

Table 3.1 Examples of Building Related Illnesses and corresponding 
exposure (Thörn, 1999). 

BRI Exposure 

Asthma Mould, mites, dander 

Allergic alveolitis Mould, other protein antigens 

Humidifier fever Endotoxins 

Legionnaire’s disease Bacteria (Legionella pneumophilus) 

Lung cancer Radon / radon daughters 
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The fundamental distinction between SBS and BRI is then that the former is a 
clinical description of combinations of subjective symptoms in the setting of 
normal physical and laboratory findings, whereas the latter in addition has 
physical changes and abnormal laboratory findings. 

3.6 Radon 

3.6.1 Background 
The problem with radon in buildings was not given any attention until high 
levels of radon were observed in buildings built with blue light concrete in the 
1950s (Johansson, 1996). The cause to high radon concentrations was that 
products from alum shale were used in the manufacturing process and it was not 
until 1970s that the use came to a stop. The knowledge about radon and radon 
daughters was still limited when the Swedish Government appointed the Radon 
Commission in 1979 (Åkerblom et al, 1988). Building material was considered 
to be the main source to high levels of radon and radon daughters indoor but 
during the work with the commission, radon from soil appeared to be the main 
cause. The research initiated by the commission’s work was therefore 
concentrated on finding the causes and the relations between radon in soil and 
radon in buildings, preventive measures against radon in soil and methods for 
measuring the concentration of radon in soil. The new findings showed that 
conditions for high levels of radon indoor could be found everywhere in 
Sweden. 

When an unstable atomic nucleus is transformed to a daughter nucleus a 
radioactive disintegration takes place and some kind of radiation is sent out, i.e. 
the energy that is “lost” during the disintegration is transferred to radiation. 
Radioactivity is not to be mixed up with the quantity activity, which has the 
unity of Becquerel (Bq) and is defined as disintegration per second. There are 
three types of disintegration when talking about radioactive substances, namely 
alpha-, beta- and gamma radiation. Alpha and beta radiation consists of particles 
while gamma radiation consists of electro magnetic radiation. Gamma radiation 
is measured in microsievert per hour (µSv/h) and to show the amount of gamma 
radiation from different material Gamma Index (I) is used and I = 1.0 is 
equivalent to 0.5 µSv/h. 

Radon (Rn) is an inert gas, i.e. it does not react with any other chemical 
substances, and when the problem with radon in buildings is discussed it is 
usually the isotope Rn-222 that is under consideration. Rn-222 is one part of a 
disintegration chain, which starts with U-238 and finishes with Pb-206. Rn-222 
disintegrates into the radon daughters Po-218, Pb-214, Vi-214 and Po-214 that 
have a high tendency to stick to airborne particles. Uranium, radium, radon and 
polonium disintegrate sending out alpha radiation with short range and the radon 



 

- 48 - 

daughters Pb-214 and Vi-214 are disintegrated sending out beta and gamma 
radiation (Johansson, 1996; Åkerblom et al, 1988). Another disintegration chain 
starts with torium-232 and is also establishing radon but Rn-220 usually called 
thoron. Thoron is sending out alpha radiation during disintegration but the half-
life is only 55 seconds and will therefore be left out in this work. Radium 
contents are usually measured in becquerel per kilo material (Bq/kg) and radon 
is usually measured in becquerel per cubic meter air (Bq/m3). 

3.6.2 Cause to radon concentrations in soil air 
There is a constant disintegration of Ra-226 in the Swedish soil at which Rn-222 
is established. This disintegration can result in high levels of radon in the soil 
and the contents is determined by the radium contents in the surrounding soil 
and bedrock, by how many of the formed radon atoms that leaves the mineral 
particle and emanates to the pores and by the porosity and water contents 
(Johansson, 1996; Åkerblom et al, 1988). Maximal radon concentration in soil 
air can be calculated using equation (3.1). The equation is not general as the 
emanation of radon atoms stops when the concentration in the pores is equal to 
the concentration in the mineral particles (Åkerblom et al, 1988). 

 
1

MAX Ra

p
C A e

p
δ −= ⋅ ⋅ ⋅  (3.1) 

CMAX radon concentrations in pores when air turnover is 0 t.o/h (Bq/m3) 
ARa  specific activity of Ra-226 (Bq/kg) 
e  emanation of radon atoms (%) 
δ  compact density (kg/m3) 
p  porosity, pore volume/total volume (%) 

The equation gives high values of radon concentration in the soil air as no 
consideration is taken to any kind of ventilation or diffusion. Normal levels of 
Ra-226 and Rn-222 in different types of Swedish soil are shown in Table 3.2 
and the emanation of Rn-222 from the mineral particles into the pores are shown 
in Table 3.3. 
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Table 3.2. Normal levels of radium-226 and radon-222 in different types of 
Swedish soil, measured at a depth of 1 metre (Åkerblom et al, 
1988). 

Type of soil Ra-226 (Bq/kg) Rn-222 (Bq/m3) 

Moraine, normal 15 – 65 5.000 – 30.000 

Moraine with granite 130 – 125 10.000 – 60.000 

Moraine with uranium rich granite 125 – 360 10.000 – 200.000 

Gravel from ridges 30 – 75 10.000 – 150.000 

Sand 6 – 75 2.000 – 30.000 

Clay 25 – 100 10.000 – 80.000 

Soil with alum shale 175 – 2.500 50.000 - > 1.000.000 
 
Table 3.3. Emanation of radon from different types of soil and crushed rock 

(Åkerblom et al, 1988). 

Type of soil % 

Gravel 15 - 40 

Sand 15 – 30 

Clay 30 – 70 

Crushed rock (particle size 1-8 mm) 5 –15 

Crushed uranium rich granite 15 – 30 

Research shows that the water contents in the soil have to be taken under 
consideration as the emanation of radon atoms increases when the pores are 
filled with water. All the pores in a soil layer under the groundwater level is 
filled with water and is therefore supplied with all emanated radon atoms. 
Performed measurements of radon in groundwater show a radon concentration 
that can be suspected with regard to the type of soil (Åkerblom et al, 1988). 

Since Rn-222 has a relatively short half-life (3.8 days) the mobility is of high 
importance (Johansson, 1996). Radon and soil air must therefore have the 
possibility to be transported through the soil via diffusion or together with 
flowing air or water. The possibility for transportation via diffusion depends on 
the permeability of the soil, which in turn depends on the particle size 
distribution, the degree of compaction and the water ratio. Permeable soils like 
gravel contains about 40 % air which makes diffusion almost as easy as in the 
air. Tight soils like clay are usually not permeable to soil air but radon gas can 
be transported via e.g. water pipes and the more permeable material normally 
placed under the foundation as a drainage layer. The transportation length by 
diffusion is limited to five centimetres in water, two metres in humid sand and 
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five metres in air. The radon concentration at the ground level is therefore 
usually lower than deeper down in the soil depending on diffusion and also on 
wind affection. The radon concentration in the soil is also depending on time of 
year with high and stabile contents during the winter, which is cut by half during 
the early summer and thereafter a strong fluctuation depending on choppy 
conditions of wind and precipitation. Radon transported with groundwater is 
assumed not to be the source for radon entering the building due to the limited 
transportation length. Only if the radon concentration in the water is much 
higher than in the soil air and the groundwater is moving or flowing up on the 
ground level may, perhaps, enough radon emanate to affect the radon 
concentration indoor (Åkerblom et al, 1988; Clavensjö and Åkerblom, 1992; 
Hus & Hälsa, T6:2000). 

3.6.3 Cause to radon concentrations indoor 
Åkerblom et al (1988) states that the risk to get radon concentrations indoor 
from the soil primarily depends on how the foundation is designed and 
constructed but also, of course, on the level of radon concentrations in the soil 
air, the permeability of the soil and how large volumes of soil air available for 
transportation into the building. Building a house can be compared with putting 
a lid over the ground and the concentration of radon directly under the 
foundation will rise to levels closely to maximum with regard to the current 
radium concentration in the soil. There is always a risk for radon when the 
foundation is made on permeable soil assuming the depth of the soil layer to be 
more than one metre. Thinner layers cannot store the necessary volume of soil 
air. Foundation on silt and clay usually gives low risk for radon concentrations 
indoor, despite high radon concentration, depending on low permeability. 
However, the risk may increase significantly if the clay is dried out. Emanation 
of radon from bedrock surfaces seldom gives any indoor problems. Though 
blasted rock or filling used under the foundation may cause problems if the 
volume to store radon is large enough (Åkerblom et al, 1988). 

Several buildings with high levels of radon concentrations indoors are founded 
on fill on ground usually not the cause of high radon concentration. In these 
cases radon may disintegrate from the fill and if the fill is covered with topsoil 
the function will be like a permeable warehouse with the possibility for large 
amounts of radon gases to leak into the building. The level of radon indoor may 
rise to levels higher than 200 Bq/m3 even if the soil air contains less than 5000 
Bq/m3, which is the amount in sand (Clavensjö, 1997). A study in Norway 
(Rydock et al, 2001) made pre- and post construction radon measurements in a 
new housing development where the houses were built in an area previously not 
associated with elevated radon concentrations indoor. Exhalation measurements 
of gravel and stone from the site and soil air measurements under several houses 
did not indicate an elevated radon potential. However, 4 of 21 finished houses 
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(or 19 %) exhibited annual average radon concentrations indoors over 200 
Bq/m3. The results suggest that site investigations may be of limited value in 
determining where not to include radon protection measures in new housing. 
Also care must be taken to adequately inform everyone involved in the building 
process of the importance of maintaining a tight seal against the ground to 
prevent possible radon gas entry into the house. 

Building components placed on the ground are almost always untight and since 
the air pressure indoor usually is lower than outdoors, leakage of radon 
contaminated soil air into the building is possible. There are three different types 
of ventilation, self-draught, exhaust air and exhaust air-air supply, which gives 
different ratio between indoor and outdoor air pressure. The difference in air 
pressure for self-draught is, according to Åkerblom et al (1988), changing over 
the year from 2-10 Pa in the winter to 0 Pa in the summer depending on 
difference in temperature. Exhaust air ventilation normally gives 5-15 Pa lower 
air pressure indoor than outdoor and exhaust air-air supply ventilation is able to 
keep a difference in pressure of 0-1 Pa. Fissure width of approximately 0.5 mm 
are enough to allow leakage that may give rise to high levels of radon 
concentrations indoor (Åkerblom et al, 1988). 

 

 Narrow 
opening 

Lead- 
through 

 

Figure 3.1 Examples of narrow openings and lead-throughs. 

Fissures or narrow openings arise between different building components, i.e. 
between floor and wall, in the concrete and in construction joints, Figure 3.1. 
Other ways for radon to enter the building is e.g. via lead-throughs and floor 
drains. Fairly easy to tighten are lead-throughs from power transmission and 
telecom cables and from water and sewer pipes. Tightening of lead-throughs has 
to be tolerant to movement and the sealing strips have to be alkali resistant. 
Fissures in the component or narrow openings between components are harder 
to attend to afterwards which makes it important to consider during the design 
and construction phase (Clavensjö, 1997). 
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The amount of air leakage into the building through fissures can be calculated 
using equation (3.2) (Åkerblom et al, 1988): 

 3600redR v A= ⋅ ⋅  (3.2) 

 
2

and red

p
v A A G

ρ
⋅ ∆= = ⋅  (3.3) 

R  = leakage, m3/h 
v  = mean air speed, m/s 
∆p  = pressure difference, Pa 
ρ = air density, kg/m3 (1.2 kg/m3) 
A = fissure area, m2 
G  = reduction factor as a function of fissure shape, mm (0 < G < 1) 

The radon concentration in a building is then given by (Åkerblom et al, 1988): 
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Cbuild  = radon concentration in the building, Bq/m3 
Ct  = radon concentration in the air volume under the building, Bq/m3 
R  = amount of air leakage into the building, m3/h 
�   = air turnovers in the building, t.o/h 
λ  = disintegration constant for Rn-222, h-1 (7.55 x 10-3 h-1) 
Vbuild  = building inside volume, m3 

Radon from soil is the most common cause to radon concentrations indoor but 
may also originate from stone based building material since almost all stone 
based material in Sweden contains radium. The radium concentration in modern 
building material is usually small and according to Clavensjö and Åkerblom 
(1992) of no significance. However, countrywide investigations of concrete 
ballast have showed radium contents of 167 Bq/kg found in macadam samples 
and concrete with ballast from bedrocks with high contents of uranium was able 
to give radon daughter concentrations over 70 Bq/m3 (Betonghandboken - 
Material, 1994). Further, measurements have been made by the Geological 
Survey of Sweden (SGU) showing contents of radium-226 of 25-125 Bq/kg, 
which represents a higher dose of radon from buildings and ground for the 
Swedish population compared to the mean population in EU. EU has in the 
“Construction Materials Directive” established demands on construction works 
according to emissions from dangerous radiation. One of the consequences of 
the demands is that the proposed threshold values will make Swedish stone 
material unusable on the European market. 
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A third way to get radon concentrations indoor occurs when radon contaminated 
groundwater is used as drinking water. Radon from contaminated drinking water 
can emanate to the indoor air. 

3.6.4 Legislation 
The Swedish Radiation Protection Authority (SSI) has the overall responsibility 
to protected human beings against harmful effects of ionised radiation. The 
Swedish Radiation Protection Act (SFS 1988:220) and the Swedish Radiation 
Protection Ordinance (SFS 1988:293) regulate the activities on radiation, which 
in turn empowers SSI to issue regulations. 

The supervisory authority of radiation in the existing building stock is The 
Swedish National Board of Health and Welfare (SoS). SoS has issued general 
advices of supervision concerning radon concentration in indoor air (SOSFS 
1999:22) to the municipality committees responsible for environment and health 
protection. 

Sweden is, in an international comparison, one of the countries with highest risk 
for radon concentrations indoors depending on geology and climate. All 
Swedish buildings contain radon with levels from low amounts to levels of 
several 10.000 Bq/m3. The total amount of dwellings in Sweden with radon 
concentrations above the threshold value for sanitary inconvenience 400 Bq/m3 
is estimated to 150.000 according to the Swedish Radiation Protection Authority 
(Clavensjö, 1997). The Swedish Building Regulations (BBR) states that: 

Buildings are to be designed to ensure that the mean value over the 
year for the radon concentration indoor never exceed 200 Bq/m3 and 
that the level of gamma radiation never exceed 0,5 µSv/h in rooms 
where people stay more than temporary. 

Measurements have to be taken in the planning and design phase of a future 
building to classify the area depending on risk level. Radon in soil is categorised 
in three classes according to radon concentration and risk, Table 3.4. The 
recording of radon concentrations are made at a depth of 1.0 meter, which have 
been shown to give the most accurate measures (Åkerblom et al, 1988). 
Municipalities have the obligation to establish drawings over risk areas and 
depending on level of risk the design performance has to be made with different 
degree of protection, Table 3.4. 
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Table 3.4 Radon classification of soil in Sweden and measurements taken in 
design depending on radon classification of soil (from Åkerblom et 
al, 1988; Neovius, 1999). 

Classification 
according to 
risk 

Bq/m3 
Share of 

ground in 
Sweden 

Measurements 

Low risk area <10.000 20 % Traditional design 

Normal risk area 10.000 – 50.000 70 % Radon protected design 

High risk area >50.000 10 % Radon proof design 

The Swedish Government proposition for indoor environmental issues (Prop. 
2001/02:128) states that the risk with radon is an immediate consequence of 
building place, design and maintenance. Radon concentrations indoor also 
occurs on low risk areas which have been shown during an investigation in the 
municipality of Hudiksvall were all residential buildings built after 1980 have 
been measured concerning radon, Table 3.5. 

Table 3.5. Radon levels in residential buildings in the municipality of 
Hudiksvall built after 1980 (SOU 2001:7) 

Radon concentration (%) 
Type of area 

Number of 
residential 
measured 0 - 200 > 200 

(Bq/m3 air) > 400 

High risk area 290 88 12 3 

Normal risk area 310 90 10 3 

Low risk area 180 86 14 3 

The Swedish Government’s radon investigation states that radon levels in soil 
air always are high enough to cause radon concentrations indoor above 400 
Bq/m3 (SOU 2001:7). Table 3.5 shows the amount of buildings with radon 
levels above 200 and 400 Bq/m3 respectively are approximately the same 
independent of what area of risk. It also shows that the demand for radon 
protected and radon proof performance is perhaps neglected, which could 
depend on insufficient knowledge both in the design and in the construction 
phase. The government proposition finally conclude that the amount of radon 
indoor depends mainly on the level of radon in soil and soil permeability, air 
pressure indoor compared to outdoor, existence of leakage through foundation 
and the tightness and air turnover of the building. The natural amount of radon 
in soil in Sweden makes it impossible to set goals of a radon free indoor 
environment even in a very long perspective. The proposition states that no 
matter what source, soil, building material or drinking water, is the cause, the 
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responsibility for measures taken lays on the real estate owner and the 
municipality is responsible for the supervision. The recommendation is to 
always use radon protected performance even in low risk areas. 

3.6.5 Health 
Rn-222 disintegrates into the radon daughters Po-218, Pb-214, Vi-214 and Po-
214, which stick to airborne particles and from there are inhaled into the lungs. 
Uranium, radium, radon and polonium disintegrate sending out alpha radiation 
with short range primarily affecting the lung cells with the ability to cause lung 
cancer. The radon daughters Pb-214 and Vi-214 are disintegrated sending out 
beta and gamma radiation (Hus & Hälsa, T6:2000; Johansson, 1996; Åkerblom 
et al, 1988). In 1993 a Swedish national epidemiological study, where the 
relationship between radon concentrations in residential buildings and lung 
cancer had been investigated, was presented (Pershagen et al, 1993). The study 
estimated that about 16 % of all annual cases of lung cancer depended on radon 
exposure. Several large studies performed afterwards both in Europe and in U.S 
support the results (Mjönes and Falk, 2001). The Swedish Radiation Protection 
Authority estimates the number of deaths in lung cancer connected to radon 
indoor to 500 cases per year. The absolute risk to get lung cancer is about 90 % 
higher for smokers than for non-smokers but the relative increase in risk for 
non-smokers is although 0,10 per 100 Bq/m3. The result from the countrywide 
epidemiological survey on radon in dwellings showed that indoor concentration 
of radon was approximately log-normal distributed with the geometric mean = 
60.5 Bq/m3 and the arithmetic mean = 106.5 Bq/m3, Figure 3.2. 

 

Figure 3.2 Distribution of radon concentrations in detached houses in a 
Swedish country wide epidemiological survey (Pershagen et. al., 
1993). 

Concerning radon concentrations in drinking water a report from the U.S 
National Research Council was presented 1999 confirming earlier reports that 
the transmission coefficient of radon from drinking water to the indoor air is in 
average 10-4 meaning that a radon concentration in water of 1000 Bq/m3 will 
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give an average contribution to the indoor air of approximately 100 Bq/m3 
(Mjönes, 2000). One conclusion from the report is that consuming radon-
contaminated drinking water probably is of no harm to the health since most of 
the water consumed leaves the body via respiration. 

3.6.6 Preventive measures 
If the threshold value 200 Bq/m3 for new buildings not is going to be exceeded 
leakage of soil air has to be limited. Diffusion of soil air through a normal 
concrete slab on ground, with a thickness of 100 mm, is negligible on normal 
risk area. The main risk is leakage of soil air via convection through fissures or 
lead-throughs. Higher caution in the design and construction phase will give 
higher costs but ought to be related to costs for measurements that may have to 
be carried out afterwards. It is important to create a minimal difference in air 
pressure indoor compared to air pressure outdoor using a well working 
ventilation system. However, to avoid moisture problems air pressure indoor has 
to be lower than outdoor, but not more than 2-3 Pa (Åkerblom et al, 1988). 

Clavensjö and Åkerblom (1992) gives recommendations for design and 
construction of radon protected and radon proofed performance: 

Radon protected performance 

��The design solutions should not give obvious tightness problems 
between the ground and the indoor environment. Avoid insulation on 
the edges to a concrete slab with edge-support beams since soil air may 
leak into the indoor environment and avoid concrete slabs with pro cast 
flooring since narrow openings between the basement wall and the 
concrete floor could be difficult to tighten. 

��All lead-throughs have to be properly tightened. 

��Measurements have to be taken to prevent cracks and fissures to 
propagate in the concrete floor due to e.g. movements in the ground 
and shrinkage. 

Radon proof performance 

��The concrete slab with edge-support beams has to be designed and 
constructed in such a way that no soil air could leak into the indoor 
environment. Diffusion of radon gases through the concrete slab is 
normally of no significance, however, if the radon concentration in soil 
air is extremely high, > 500.000 Bq/m3, diffusion may occur. This is 
prevented with a thicker concrete slab than normal or by applying a 
diffusion tight sealing between the insulation and the concrete. 

��All lead-throughs have to be properly tightened. 

��Basement walls are performed with concrete. 
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Clavensjö and Åkerblom (1992) also have a proposal how to design a radon 
proof concrete slab. To avoid harmful fissures the area for foundation has to be 
performed to minimise settlements below 1/300. When choosing amount of 
reinforcement measures have to be taken to ensure fissure width below 0.15 – 
0.20 mm. The performance of the concrete slab is made in accordance with 
waterproof concrete using standard cement and concrete K30. Suitable thickness 
of the slab is 140 mm when casting on mineral wool slabs. The concrete slab has 
to be reinforced on both sides with Ks 500 φ6 c100 and the concrete cover has to 
be 50 mm when casting on ground and 20 mm besides that. Vacuum treatment 
makes the concrete less permeable and membrane curing increases the quality. 
All lead-throughs are sealed with alkali resistant sealing strip and 
complementary castings are made with expanding mortar. 

Other measurements to prevent radon from leaking into the indoor environment 
are e.g. to place drainage hoses in the drainage layer under the building 
connected to a fan if necessary or to place a radon drain outside the building. 
However, the most important measures when building radon proof are to make 
the building absolutely airtight and to use exhaust air and air supply ventilation 
to minimise the low pressure indoor and therefore also minimise the risk for 
radon to be transported into the building. 

3.7 Dampness 

3.7.1 Introduction 
The definition of moisture, or dampness, is equal to water in its different phases; 
water vapour, fluid or ice. Moisture exists everywhere, as water vapour in the 
air, as fluid in the water pipes and in most material. Moisture is not in itself 
harmful except in large quantities and at the wrong place. The most dominating 
causes to water damages are leaking pipes and untight wall covering in 
bathrooms. These damages cause more costs to the insurance companies than 
burglary, fire and storm damages together (Nevander and Elmarsson, 1994). 

It has been known for a long time that dampness in buildings is the cause to both 
technical and health related problems. The notion ‘damp buildings’ is often used 
in a careless way and it is important to separate the notions of moisture in 
construction and moisture in the indoor air, i.e. relative humidity. Moisture in 
constructions may cause microbial growth or chemical degradation and release 
odour and irritating substances. High relative humidity in indoor air increases 
the risk for mites and may cause condensation inside the constructions or on 
cold surfaces with microbial growth as a consequence (Samuelsson, 2002). 

Despite the knowledge of moisture, new buildings are still proved to have 
damages caused by moisture. The cause to the great extent of moisture damages 
may perhaps be explained by e.g. lack of knowledge, uncritical use of new 



 

- 58 - 

material, economical and productivity pressure, lack of quality assurance or 
changes in living habits. More explanations are possible but still the conclusion 
is that the cost, both in terms of money and in health problems, is too large to be 
neglected. 

3.7.2 Cause to damp buildings 
A Nordic interdisciplinary expert-group (NORDDAMP) has reviewed the entire 
scientific literature on damp buildings and health (Bornehag et al, 2001). The 
group concluded that the main reasons for damp buildings are: 

1. Rain, snow or soil dampness that will leak into the building components 

2. Dampness produced by the tenants and their activities 

3. Dampness from the construction site 

4. Unknown leakage from installations 

Building components may be affected from several of the sources. In Nevander 
and Elmarsson (1994) checklists, with sources to concentrate on depending on 
building component and suggestions how to avoid moisture, are presented. 

Precipitation result in moisture damages in several ways. Common damages are 
leakage of water through roofs with insufficient leaning or insufficient sealed 
lead-throughs or joints. Melted snow allowed to refreeze, giving later melted 
snow a possibility to stay on the roof, may cause problems. Building material 
not sufficiently covered at the construction site can be damaged from 
precipitation. 

The famous “Timell-effect” in Sweden is probably not always positive in the 
long run. Several moisture damages depends on actions taken by the tenants or 
the owners, from activities like showering but also from rebuilding without 
sufficient knowledge. Common actions, which may lead to damages, are 
addition of insulation of the attic in a misdirected wish to lower the energy use 
or insulation of the basement to get more useable living accommodation. To 
change the floor covering on an old concrete floor that have exhibited good 
moisture behaviour over a long time may often involve a risk from the 
standpoint of moisture especially if the new flooring is impermeable (Sjöberg 
and Nilsson, 2002). Floor heating may also put the construction at risk. If the 
insulation under the concrete slab on ground is thin and the heating is turned off 
during part of the year or if the heating coils is installed deep down in the slab, 
this can cause redistribution of the residual water in the construction with a high 
moisture level at the surface of the concrete as a result (Sjöberg and Nilsson, 
2002). 
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Construction site damp exists and has to be taken under serious consideration 
during the planning, design and construction phase. For example concrete 
contains water, which has to be able to dry before covered up with flooring. It is 
also important to make sure that the moisture removed from one place not cause 
damages somewhere else. 

3.7.3 Consequences of dampness to indoor air 
Common for air pollutions indoor from building material is moisture that causes 
chemical degradation and growth of microorganisms (Bornehag et al, 2001). 
During construction or while renovating a building, the structures of a building, 
e.g. concrete slab, are wet and dampness may accumulate within the building. 
The amount of moisture will partly depend on the methods and the weather 
while the construction or renovation is going on. The effect of humidity and 
moisture on building materials is most often based on hydrolytic decomposition 
reactions. Degradation products resulting from such reactions and examples of 
materials susceptibility to damage by humidity can be seen in Table 3.6 (Saarela 
et al, 2000). 

Table 3.6 Examples of materials susceptible to damage by humidity (Saarela 
et al, 2000) 

Material RH (%) Type of damage caused and 
emitting compounds 

PVC mats and covers in damp 
structures 

>95 
Staining, decomposition 
reactions, ethyl-1-hexanol 

Water-based glues in damp 
structures 

>85-95 
Saponification, material-
specific products of hydrolysis 

Urea-formaldehyde resins: as 
binding agents in thermal insulation 
and textile treatment, as glue in chip 
board, wood floorings and lacquers 

>60-70 Degradation, formaldehyde 

Two component paints, injection 
resins, plastic fillers 

Material 
specific 

Inhibition of curing reactions, 
monomer emissions 

Microorganisms >85 Bioaerosols 

Emissions 

All building material gives rise to chemical emission to a smaller or larger 
extent, released from the material itself, from the manufacturing process or from 
treatment afterwards. These emissions are material properties and called primary 
emissions. Emissions may also be released when the material is built in into the 
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construction and is almost always caused by chemical degradation due to the 
design in combination with moisture. These emissions are called secondary or 
design emissions (Samuelsson et al, 1998). According to WHO the emitting 
compounds are divided in subgroups depending on their volatility caused by the 
boiling range, Table 3.7. 

Table 3.7 Boiling ranges for chemical compounds from indoor air. 

Description Abbreviation Boiling range (°C) 

Very volatile organic compounds VVOC <0 – 50....100 

Volatile organic compounds VOC 50 – 100....240 – 260 

Semivolatile organic compounds SVOC 240 – 260....380 – 400 

Particle bound organic matter POM >380 

In principle, compounds from all these groups are present indoor but it is 
practically impossible in a routine way to analyse all, and in practice we are 
forced to look at the VOC-range only. Attempts have been made to summarise 
VOCs to get a total concentration of volatile organic compounds, TVOC, but 
several investigations show that this is not a good measure of how people 
experience their indoor environment and well known irritative, even 
carcinogenic compounds fall outside this range, e.g. formaldehyde and 
ammonia, which have to be analysed separately (Samuelsson et al, 1998; Saarela 
et al, 2000). VOC is from a medical point of view a better measure of air 
pollutants but still it is unknown what VOC that have significance. 

The primary emissions usually decreases when the material grows older but if 
moisture is built in to the building component, if the choice of building 
component is improper due to moisture or if the materials are combined in an 
improper way, the emissions may increase. When comparing the indoor 
concentrations of VOCs in a project in Finland (Saarela et al, 2000) to emissions 
from more than 1000 materials measured, all the compounds found in the home 
air also emitted from materials in amounts that support the suspect that materials 
are the dominating source governing the indoor air quality. Several 
investigations show that emissions from flooring material increase when glued 
on concrete with high humidity. They also show that the emissions become 
lower when glued on dry concrete with a low alkali levelling compound and that 
the emissions mainly comes from degradation of the glue. Degradation products 
from glue and softener in flooring materials are foremost 1-butanol and 2-
ethylhexanol (Neovius, 1999). It is, however, not fully understood which one of 
the compounds that give rise to indoor air quality complaints. 
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Several of the VOCs change to other very reactive substances, e.g. aldehyde and 
free radicals, under influence of high surface temperature or ozone. It applies in 
general that the more volatile compound, the faster it is off-gassing from its 
source. Less volatile compounds have a slower off gassing and cannot be 
accelerated with for example increased ventilation. Characteristic for these 
compounds is that other materials absorb them as for example textiles. The 
volatility of the compounds is therefore the main cause to the appearance in the 
indoor environment. Complex materials, e.g. sealing compounds or foam, can 
result in volatile compounds held back and emitted during a long period of time 
(Sundell et al, 1997). 

Sjöberg (1998; 2001) has made a study to increase the knowledge about one of 
the sources to hydrocarbons (VOCs) in indoor air from the combination of PVC-
sheets and adhesives on concrete floor slabs. Specimens were studied in 
different experiments and when evaluating the critical parameters for 
decomposition of the adhesive, secondary emissions to indoor air were 
identified and quantified. The moisture contents of concrete, its pH value and 
the method of bonding are factors that govern decomposition of the adhesive. 
The rate of secondary emission to indoor air is governed by the rate of 
decomposition, the resistance of the flooring to the flow of decomposition 
products and the storage capacity of the concrete for decomposition products. 
The storage capacity of concrete for decomposition products is a critical factor 
for future emissions from the floor since nearly one half of the decomposition 
can be transported downwards and stored in the concrete. 

Microorganisms 

Microorganisms are one consequence of damp buildings and they can be split up 
in bacteria, fungi and rot. Mould fungi belong to a great number of different 
species and Björck (2001) has compiled some of the most common mould 
species growing in damp buildings and where in the building they usually are to 
be found. Fungi and some bacteria are able to release spores to the indoor air 
measured in number of established colony units per cubic metre air (cfu). They 
may release secondary metabolites, also called fungal volatile metabolites 
(MVOC), into the air that can be odorous or toxic to human beings (Gravensen, 
2000, Johansson, 2000). Secondary metabolites are products from metabolism in 
funguses and plants and have been discovered to be important as defence 
mechanisms (NE). 

Indoor air always contain mould spores in the range of 101-104 cfu. The 
microclimate, i.e. temperature, moisture conditions, pH-value and occurrence of 
oxygen, is important for the growth of microorganisms. It is possible for 
microorganisms to grove on almost any building material in combination with 
moisture but growth inside the components does not automatically result in 
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increased concentrations of mould spores indoor. The reason for this is that the 
growth of microorganisms takes place inside the construction and gives rise to a 
smell of mould but not to increased spore contents. Biological material is mostly 
used as nourishment but today it is known that microorganisms even are able to 
break down inorganic material as for example mineral wool. The primary source 
for growth of microorganisms is moisture and, e.g. a relative humidity above 
75%, increases the risk for growth on wood and wood based material. (Björck, 
2001; Samuelsson et al, 1998; Sundell, 2000) 

3.7.4 Legislation 
Several Swedish authorities issue regulations and general advises concerning 
moisture, emissions and microorganisms in the indoor environment. The 
Swedish National Board of Housing, Building and Planning issues the Swedish 
Building Regulations, BBR, which states for emissions that: 

Emissions of gas and particles from building components and surface 
material shall not affect the indoor air to an extent where the health for 
human beings is at risk. 

and for microorganisms that: 

Buildings and their installations shall be performed with material and 
designed so that the risk for unhealthy growth of microorganisms is 
limited. Measurements against growth of microorganisms may not in 
itself give negative health effects. 

The supervision authorities are the municipality committees responsible for 
planning and building. 

The Swedish National Board of Health and Welfare has issued general advices 
of supervision according to the Swedish Environmental Code, concerning 
moisture and microorganisms (SOSFS 1999:21). The municipality committees 
responsible for environment and health protection are the local supervisory 
authority. When evaluating possible inconvenience to human health 
consideration has to be taken to visible growth or odour of microorganisms and 
to moisture damages not attended to. Investigations can be demanded if: 

��moisture damages are visible, 

��extensive condensation exists on windows at an outdoor temperature 
equal to or below -5°C, 

��the contribution of humidity indoor exceed 3 g/m3 air during winter 
conditions 

��the mean value of air humidity exceeds 7 g water/kg dry air during the 
heating season, which is equal to 45 % RH at 21°C. 
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There also exists general advises on e.g. health risks concerning flooring 
material and use of textile flooring. Former general advises on measurements 
against formaldehyde are redrawn. 

The Swedish National Chemical Inspectorate (KemI) works to prevent harm to 
human beings and the environment caused by chemical and biotechnical 
products. They have databases containing information on chemical products 
imported into or manufactured in Sweden. They also publish the Observation 
List with examples of substances that require particular attention. The List 
presents substances dangerous to human health, which are derived from the 
Classification List of the Inspectorate’s Regulations on the Classification and 
labelling of Chemical Products (KIFS 1994:12), and substances dangerous for 
the environment (Kemikalieinspektionen, 2000). 

3.7.5 Health 
The Nordic interdisciplinary expert-group (NORDDAMP) reviewed the entire 
scientific literature on damp buildings and health (Bornehag et al, 2001). The 
background for the review were that a great number of investigations 
demonstrated that dampness in buildings is one of the best identified risk factors 
for different kinds of health problems related to buildings. An update of the 
review performed by a European group (EUROEXPO) concluded that dampness 
in buildings is a risk factor for health effects such as e.g. cough, wheeze, asthma 
and airway infections (Bornehag and Sundell, 2002). The literature is 
inconclusive in respect of causative agents in such buildings but suggested 
agents are mites, microbiological agents and organic chemicals from degraded 
materials. The conclusion of the literature review is that there is a strong need 
for multidisciplinary reviews in scientific journals on articles including 
associations between indoor environmental factors and health effects, and that it 
is essential to carry out more multidisciplinary studies including competence 
from all relevant disciplines. 

With the overall aim to identify health-relevant exposure in damp buildings an 
interdisciplinary epidemiological study started in Sweden in 1999 called 
“Dampness in Buildings and Health”. A questionnaire was sent out to more than 
14.000 children focusing on their health and their home environment. There 
were strong and consistent associations between different dampness indicators 
and symptoms among the children. Living in single-family houses assembled 
after 1970 increased the risk for symptoms compared with buildings built before 
1940 and the combination of floor moisture problems and PVC as flooring 
material significantly increased the risk (Bornehag et al, 2002). Further, a newly 
published large epidemiological survey with the objective to assess whether the 
severity of asthma is associated with sensitisation to airborne moulds rather than 
to other seasonal or perennial allergens, has found that the frequency of 
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sensitisation to moulds increased significantly with increasing asthma severity 
(Zureik et al, 2002). 

3.7.6 Preventive measures 
The general advice is to design and construct buildings, which are dry and 
resistant to dampness. Extensive research on moisture, its causes and 
consequences for building material and buildings, is carried out at Fuktcentrum, 
Lund Institute of Technology, from which several research reports and 
information publications have been published. 

Another advice is to select low emitting products. Help can be found in the 
Building Product Declarations published by the Ecocycle Council for the 
Building Sector, which gives environmental information on building material 
and products. 

3.8 Summary 
We spend most of our time indoor, especially in countries like Sweden where 
the climate force us to stay inside. This makes a healthy and comfortable indoor 
environment even more important since the time of exposure of different air 
pollutants increases. 

When reviewing the literature on different indoor air pollutants it becomes 
obvious that radon concentrations indoor is the most explored area, at least in 
Sweden. The cause to radon concentrations in soil air is known, just like the 
causes to why radon leaks into the buildings. The effect from radon 
concentrations indoor on human beings is also rather well known. Several 
investigations have been made on indoor concentrations and also on 
concentrations in soil air and methods to calculate indoor concentrations already 
exists. This makes the development of the probabilistic method possible since 
data are available. 

The cause to damp buildings is also known and that moisture causes degradation 
of building material, with chemical emissions and growth of microorganisms as 
a consequence. Chemical emissions can be measured and also concentrations of 
mould spores indoor, but the effects on human beings are still not complete why 
it becomes more uncertain, compared to radon, to develop the method on 
available data. 
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4 THE BUILDING PROCESS 

4.1 Introduction 
Nordstrand (2000) has described the building process in following broad outline. 
The proprietor decides to build a new building or to rebuild an old one and the 
proprietor can be a person, a company or an organisation. After determination of 
requirements and decision to continue with the project, the building process 
starts with the objective to produce a building fulfilling the needs and demands 
of the proprietor. In this phase consultants, e.g. architects and building 
designers, are involved to produce construction documents and drawings to be 
used by the contractor in the construction phase. The last phase in the building 
process starts when the new tenants are moving in. The administration of the 
building will thereafter continue in the building management phase with 
operation and maintenance making the building function properly until possible 
rebuilding or demolition. 

The environmental work performed in the building sector is rapidly developing 
and the sector has, through the Ecocycle Council for the Building Sector, 
undertaken a voluntary environmental responsibility. The history goes back to 
1994 when the Swedish government through its "Ecocycle Commission" 
established informal contacts with a number of representatives of the building 
and property sector. To facilitate contacts with the Ecocycle Commission the 
representatives of the sector took the initiative to set up a network - the Ecocycle 
Council for the Building Sector. The idea was to enable the sector's many 
different interested parties to get together to discuss and elaborate on this single 
issue: How should producer responsibility in the building and property sector be 
formulated? (Byggsektorns kretsloppsråd). 

The overall objective for the Ecocycle Council is to “limit adverse 
environmental impact and promote long-term economising in the use of natural 
resources”. In 1998 the Environmental Advisory Council was instructed by the 
Swedish Government to “contribute to the formulation of strategies for the 
development of ecologically sustainable industry and commerce by planning 
and engaging in a dialogue with certain business sectors concerning their efforts 
on behalf of sustainable development”. One of these dialogues focused on the 
building and property sector and was named Building and Living (SOU 
2001:20). Twenty companies and three municipalities participated with the aim 
to explore approaches to sustainable development up to year 2025. The group 
formulated long- and medium-term objectives and devised strategies for 
achieving the objectives and the vision. One objective was to ensure that all new 
buildings and at least 30 per cent of the existing building stock are classified 
with respect to building-related health and environmental impacts by year 2010. 
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4.2 Quality in the building process 
To get an indoor environment that fulfil its intensions of being a good indoor 
environment the quality in the building process is of outmost importance. It is, 
however, not always an easy task to incorporate quality work in the building 
process since authorities change the conditions, the competition between the 
enterprises is tough and the demands from the surrounding world are high. To 
form a coherent set of quality management system standards the ISO 9000 
family has been developed with the main task to assist organisations to 
implement and operate effective quality management systems facilitating mutual 
understanding in national and international trade. Quality is, in ISO 9000:2000, 
defined as the “degree to which a set of inherent characteristics fulfils 
requirements”. The environment also has a set of standards, which for example 
include standards on environmental management systems and life-cycle 
analysis. There are two equal and generally accepted quality systems for 
environmental purpose, ISO 14000 and EMAS. EMAS (Eco Management and 
Audit Scheme) is a EU ordinance and include more components than ISO 
14000. Several of the larger Swedish companies in the building sector are today 
certified according to ISO 9001 and/or ISO 14001 or have other forms of quality 
and/or environmental management systems or policies. 

If the standards in the ISO family mainly turns to the company organisation, the 
Swedish National Testing and Research Institute, SP, has a certification system 
for products called P-labelling, also applicable on indoor environment (SP, 
2000). The labelling comprises existing buildings as well as new construction 
and applies to properties and demands concerning e.g. air quality, moisture, 
noise and radon (Samuelsson et al, 1998). The labelling comes in two steps: 
“Towards P-labelling” where the design and construction phases are revised 
according to guidelines, and “P-labelling” where the management phase is 
revised according to self-inspection. 

“Do we need a better building process?” is the question asked in Johansson et al 
(1997). The building sector is not a homogenous group including both small and 
large enterprises, proprietors, consultants and suppliers, all with different 
interest and knowledge in environmental questions. Lots of people in the 
building sector have a great interest and commitment in environmental issues 
and environmental issues have also become important competitive means. 
Despite that, we are often able to read in newspapers about obvious mistakes in 
the construction of buildings causing an unhealthy indoor environment to its 
tenants. Economic and financial conditions are, in practice, of crucial 
importance and according to e.g. Kellner and Stålbom (2001) today’s financial 
system does not stimulate investments with long-term perspective. Another 
important fact is that modern building technology has become more specialised 
with several designers and contractors designing and constructing their separate 
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parts of the future building. This has led to a practice where functional demands 
are set for parts of systems instead of the whole building. The work should be 
characterised by a life cycle thinking and an overall picture where the ecocycle, 
external and internal environment, work environment, aesthetic and culture 
history are considered. The overall picture should also include the whole 
building system, using coordination between the different specialists of 
knowledge. A model for a quality and efficiency ruled building management 
process for coordination of the construction and management process was 
developed for the Building and Living dialogue, Figure 4.1. 
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Figure 4.1 A quality and efficiency ruled building administration process. 

To achieve the objectives from the dialogue the management process has to 
include e.g. objectives for use of resources, quality assurance, environment and 
energy programme, life-cycle perspective and a holistic approach, education and 
information, environmental classification and of course the best technique 
available (SOU 2001:20). 

4.3 Causes to faults in the building process 
R&D-West together with Chalmers University of Technology (Josephson and 
Hammarlund, 1996a, 1996b) initiated a study in 1995 with the immediate aim to 
reveal size and causes of quality fault costs in building projects. The questions to 
be answered were (1) to what extent did faults arise in the building project and 
to what cost, (2) what origin did the faults have, (3) what type of faults and (4) 
what was the primary causes. Only faults discovered during the construction 
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phase on the construction site was registered and all faults depended on how 
human beings were acting and environmental causes were not considered. Of 
interest in this work is what origin the faults had and what type of faults it were. 
Could some of the faults be the cause to an unhealthy indoor environment? The 
distributions of the total amount of faults show that the dominating groups are in 
the design phase and construction phase where the latter is divided in 
management and work performance. These three groups are responsible for 
about ¼ of the total amount respectively. The final ¼ of the total amount of 
faults are due to proprietor, material delivery, machines and public where 
material delivery is responsible for 11 %. The primary causes were revealed to 
be insufficient knowledge, insufficient information, insufficient commitment, 
lack of time, risk-taking and other causes. Almost 60 % of the total amount of 
faults could primary be related to insufficient commitment and less than 20 % 
respectively to insufficient information and insufficient knowledge, Figure 4.2. 

 

Figure 4.2 The primary causes to faults (Josephson and Hammarlund, 1996a). 

The direct cause of faults could primarily be attributed to individuals. However, 
every action by an individual is influenced by conditions and if individuals are 
to find it worthwhile to act at all, motivation, expectations and commitment are 
necessary. The sum of these three conditions is here forth described as 
‘motivation’. Motivation alone is not enough to act correctly; necessary 
knowledge and information are also needed. Motivation, knowledge and 
information are mutually dependent, i.e. insufficient information involves lower 
motivation. 

The results from the survey can be compared with a survey where 800 cases of 
damages to structures were analysed (Matousek and Schneider, 1976, from 
Schneider, 1999). After investigation of the actual causes failures could be 
traced back to (1) ignorance, carelessness and negligence (37 %), (2) insufficient 
knowledge (27 %), (3) underestimating influences (14 %) and the last 22 % to 
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forgetfulness, unjustifiable trust in others and objectively unknown influences. It 
was also noted that of all cases of errors underlying the failures 32% could have 
been detected by a careful review of the documents and 55 % by additional 
checks. Thirteen per cent of all errors could not possibly have been detected in 
advance. The conclusions made are the importance of good co-operation 
between all those involved in the building process and the need for well-planned 
quality assurance procedures. 

4.3.1 Proprietor/Planning phase 
The proprietor has a great responsibility in procurement of healthy buildings 
both in new construction and in rebuilding and renovation. It is the proprietor 
who decides on the level of quality and who is responsible to control that the 
result fulfils the intentions. Kellner and Stålbom (2001) state for example that 
the question of moisture is affected in several different phases of the building 
process. But most important is that the proprietor has good knowledge about the 
question and in an early stage investigate and formulate functional and other 
demands that are important with regard to moisture reliability. However, 
different demands could be contradictory as for example short construction time 
gives problems with components not drying but it is, on the other hand, 
necessary to shorten the construction time of financial reasons. Incorporating the 
environmental considerations already in the building programme phase may 
decrease the risk for later conflicts in projects between environmental objectives 
and other demands (Göransson, 2000). Five percent of the total amount of faults 
in the study of Josephson and Hammarlund (1996a) were related to the 
proprietor and mainly due to changes and additions of work. Some of the 
changes and additions were affecting the building components with new lead-
throughs and hewing in concrete slabs, which in turn may affect the indoor 
environment in the future. 

One example how to incorporate the environmental thinking in the planning 
phase of new buildings is the municipality of Malmö, which has developed a 16-
point program how to build healthy buildings. For example, design groups are 
founded with different specialist knowledge. Moisture design has to be 
performed and ground conditions, drainage and capillary barrier sealing are 
discussed to avoid moisture problems. Building material chosen is dependable 
and low emitted and interior material, paint, carpets etc. are chosen on the basis 
of suppliers’ description of contents. Air quality is controlled regarding 
particles, emissions and radon, and readable operation instructions are 
developed (Svenska Kommunförbundet, 1997). 
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4.3.2 Design phase 
In Josephson and Hammarlund (1996a), 23 % of the total amount of faults were 
made in the design phase with 62 % of the faults concerning architecture and 
building design. The most common faults were due to poor coordination. 
Considerable were also unsuitable design, the design could be performed but 
obviously unsuitable, and incorrect design, the design was not possible to 
perform at the building site. Other usual types of faults were e.g. incomplete 
drawings and incorrect measures. 

The increasing demands from society on the building sector for sustainable 
development contribute to even higher demands on the designers. A well-
performed ‘green’ design can contribute to sustainable building if questions such 
as building place, design and operation of structures and installations, and 
choice of material are considered from an environmental perspective. The 
considerations also include e.g. the possibility of reuse, waste deposition, energy 
use and transportation needs (Arkitekt- och Ingenjörsföretagen, 1997; 
Göransson, 2000).  

4.3.3 Construction phase 
The largest amount of faults was made in the construction phase where 29 % 
were related to construction management and 27 % to work performance 
(Josephson and Hammarlund, 1996a). Common faults due to construction 
management were insufficient planning, insufficient work preparation and 
insufficient administration of material, incorrect setting out and improper choice 
of methods. It is the responsibility of the authorised supervisor on the 
construction site to control that prescribed material and goods are used, that the 
construction documents are followed and the work is done in a professional 
way. Procurement is often made centrally and if the purchaser wants to change 
product or technical solution due to costs, the new product or solution have to be 
equal or better from an environmental perspective than the stipulated (Nevander 
and Elmarsson, 1994). Example of fault that could cause problems with the 
indoor environment is lead-throughs in concrete slabs incorrect placed and has 
to be tightened with concrete. The most common faults in work performance in 
the study were due to incorrect performance and one example was incorrect 
construction joints due to insufficient accuracy when casting. This may cause air 
leakage into the indoor environment with high concentrations of radon as a 
result. 

Delivery of material is one cause to fault in the construction phase and can for 
example consist of concrete delivered with wrong consistence, which makes it 
harder to work with and causes wounds in the casting, or wrong kind of cement 
is delivered for concrete repair work (Josephson and Hammarlund, 1996a). 
Building material and goods can also be damaged by e.g. moisture during 
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transportation, storage and construction and have to be protected against rain, 
snow and absorption from ground. Material deliveries have to be controlled 
concerning humidity and demands should be made during purchasing for 
transportation (Kellner and Stålbom, 2001). Humid building material used in the 
construction may give rise to moisture damages and great loss of heating 
(Nevander and Elmarsson, 1994). Building materials contaminated with soil is 
not unusual at construction sites. This contamination can arise due to inadequate 
storing when timber comes into direct contact with soil or walking on the timber 
with dirty shoes. It has been shown that construction timber that comes into 
contact with soil produces mouldy odour when exposed to high relative 
humidity (Johansson, 2000). Finally, problems with machines and equipment on 
the construction site can cause faults in the components e.g. formwork yield 
when casting or vibration equipment fail. 

4.3.4 Operation and maintenance 
The operation and maintenance phase include the responsibility of the 
owner/proprietor to maintain a healthy indoor environment. The basic conditions 
for a healthy indoor environment is established already in the planning and 
design phase of the building process with conscious choices of material and 
technique. It is important that clear and understandable instructions for different 
areas of operation and maintenance are established and that important 
information reaches the tenants (Samuelsson et al, 1998). Continuous inspection 
of critical details, installations etc. are necessary to discover eventual damages, 
e.g. possible water leakage, in an early stage and to control the need for repair 
and maintenance. 

It is also important for large building managers to have a system for complaints 
from tenants concerning indoor environment problems. It already exists 
developed models for examination of indoor climate and health in existing 
buildings. The Swedish Property Federation has been the initiator for the 
development of the Environmental Inventory of Existing Buildings (MIBB), 
which includes a questionnaire to the tenants and an inventory of the building. 
One of the most commonly used questionnaires in Sweden is the Stockholm 
Questionnaire (SQ) where the main issues are indoor climate and health 
(Engvall and Sandstedt, 2000). 
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4.4 Use of risk analysis in the building process 
The building process is, as have been mentioned earlier, divided into several 
phases including planning, design, construction, operation and maintenance and 
there are also several disciplines involved in each phase. This results in a lot of 
decisions being made about the future building in different disciplines and on 
different levels of the organisations. Some examples are that the property 
developer makes decisions in the planning phase about the future function of the 
building, about which contractor to use and when the building is going to be 
ready. Decisions in the design phase include for example what type of 
component and material to be used. In the next phase the contractor may change 
the material to one, which seem similar but perhaps with different characteristics 
from an environmental perspective. Other important decisions in the 
construction phase are the planning, use and skill of workers, and use of 
technique and machines. The conclusion is that all these interfaces must be 
considered in a system analysis. 

When constructing a fault tree it is necessary to describe the events precisely 
including what fault and when it occurs. The undesirable event in this work is 
“Indoor air pollutants causing an unhealthy indoor environment to human beings 
in residential buildings” and it will constitute the top event in the fault tree 
analysis, Figure 4.3. The top event is more specified by its input events, “Air 
pollutant”, passing through an OR-gate. These input events are not the cause to 
the unhealthy indoor environment, but when being above threshold values they 
are the unhealthy indoor environments. To get the cause to air pollutants indoor 
environmental impact is needed together with some fault due to human error. 
This is illustrated in the fault tree with the input events, “Environmental impact” 
and “Fault due to human error”, passing through an AND-gate. 
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Air pollutant Air pollutant 
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Figure 4.3 Top event of fault tree and causes to unhealthy indoor environment. 
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Faults due to human error can be made in several phases and levels in the 
building process. A bad choice of foundation system in the planning phase, 
incorrect use of material in the design phase or a to early gluing of the carpet in 
the construction phase are some examples of human error that will lead to 
failure. The output event “Fault due to human error” is therefore more specified 
with the input events, in Figure 4.4, passing through an OR-gate.  

 Fault due to 
human error 

Choices made 
in the planning 

phase 

Choice of 
design and 

material 

Faults made 
during 

construction 

Faults made 
during 

maintenance 

Faults made 
during use of 

building  

Figure 4.4 Input fault events to “Fault due to human error”. 

The input events are not the cause of the output event. They are identical to the 
output event but are more specifically defined. Next step in the analysis will be 
to identify the input events to environmental impact and to fault due to human 
error in the different phases of the building process. This will lead to basic 
initiating events. 

4.5 Summary 
In the preface of the second print in 2002, Josephson states that the intention 
with the survey was to act as a base for discussions concerning ways to improve 
the working procedures in projects and companies (Josephson and Hammarlund, 
1996a). The Swedish building sector maintains a high standard globally despite 
the bad publicity in the newspapers. However, one follow-up of the surveys has 
shown that only small, if any, improvements have taken place. Another analysis 
on why the cost of faults differed between different projects showed that only 
the contractor leadership was of importance. A third follow-up on why the faults 
are not discovered earlier showed that different specialists had already continued 
working which made the correction of the fault more difficult. Lack of time, 
planning, control and cooperation was considered to be the main causes for not 
discovering the faults earlier. 

The different faults that were registered in the survey could be the cause to an 
unhealthy indoor environment, e.g. the changes and additions of work ordered 
by the proprietor, unsuitable design in the design phase or delivery of wrong 
consistence of concrete to the construction site. The use of risk analysis and the 
fault tree technique to develop the causes to an unhealthy indoor environment 
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and the estimation of risk can be a valuable communication tool to get an 
overview of the entire building process and to identify week links with the help 
of e.g. minimal cut sets. “Errors by those involved in the building process cannot 
be completely ruled out. These errors constitute the so-called residual risk, with 
which we have to live – whether we like it or not – and against which at the 
same time we must fight with all the means at our disposal.” (Schneider, 1999). 
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5 RISK ANALYSIS OF A BUILDING COMPONENT 

5.1 Introduction 
In the summary in section 2.7 the definition of risk analysis to be used in this 
work is established. It includes a qualitative and a quantitative part where the 
qualitative part consists of system definition and hazard identification and the 
quantitative part consists of risk estimation meaning the quantification of the 
probability of occurrence of the undesirable event. The risk analysis will be 
applied on a concrete slab on ground with edge-support beams. The design was 
introduced in Sweden in the 1950s and became a foundation method commonly 
used for residential buildings. However, in buildings built 1965-1985 
comparatively large amounts of moisture damages have occurred especially 
when the insulation has been placed on top of the concrete slab (Nevander and 
Elmarsson, 1994). 

The system, i.e. the concrete slab on ground, is defined in section 5.2 and the 
design is made with the perspective not to cause any hazard to the indoor 
environment from air pollutants that could be unhealthy to human beings. As the 
undesirable event in this work is established to be indoor air pollutants causing 
an unhealthy indoor environment to human beings in residential buildings, the 
hazard identification is already established but has to be properly defined, which 
is done in section 5.3. The chapter continues with the qualitative identification 
of the causes to the hazard using fault tree analysis. Hazards caused by the 
foundation concerning air pollutants in the indoor environment can occur 
because of improper decisions at any stage of the building process. When the 
fault tree has been established it will be qualitatively evaluated in section 5.4 
and thereafter probabilities of occurrence for the basic events will be determined 
in section 5.5. This will result in the possibility to determine the risk for an 
unhealthy indoor environment to occur, e.g. the risk for radon concentrations 
indoor to exceed the threshold value in design codes. 

5.2 System definition 
A concrete slab on the ground is made up of different discrete elements that 
interact, see Figure 5.1, forming an entity, called component, that has the 
purpose to protect the indoor environment from hazards like radon 
concentrations and moisture in soil under the assumption of a proper design and 
construction. The residential building, used as an example and not existing, is 
situated outside the municipality of Linköping, Sweden, with a building area of 
110 m2 (b = 8,00 m, l = 13,75 m) and a self-draught ventilation system. The 
foundation is made on undisturbed soil with a radon concentration categorised 
as high-risk area. The thermal conductivity (λ) is approximated to 2.0 W/m°C 
and the thermal capacity (C) to 2.0x106 J/m3°C for calculation of insulation 
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thickness under the concrete slab (Harderup, 1993). Settlements in the ground 
causing fissures in the foundation are considered to be negligible. The 
groundwater level is more than 1.0 meter under the excavated rock floor. 

 Floor level 

100 
50 

150 

Flooring 

Levelling compound 
Reinforced concrete slab 
Insulation 
Drainage layer 
Geotextile  

Figure 5.1 Component to be analysed – concrete slab on the ground. 

A geotextile is placed on the excavated rock floor to separate the undisturbed 
soil from the 150 mm well-washed macadam layer (8-32 mm), which serves as 
drainage layer and capillary barrier sealing. The capillary barrier sealing is 
fundamental to keep the insulation and concrete slab dry. Harderup (1993, 2000) 
shows a method to determine the necessary insulation thickness placed between 
the macadam layer and the concrete slab to get the required 3°C difference in 
temperature above and under the insulation. The annual mean temperature 
Tu=6.58°C is collected from measurements made at the location Slaka outside 
the municipality of Linköping (Rosén et al, 1997). The indoor temperature is 
Ti=20.9°C, collected from the ELIB-report (Norlén and Andersson, 1993) as an 
annual mean value of indoor temperature in residential buildings. Calculations 
performed in Appendix B give the necessary insulation thickness 22 mm using 
Paroc ground board 389-00 made of stone wool (λ = 0.036 W/m°C). The 
insulation thickness available for commercial use is 50 mm, which is therefore 
used here. 

The reinforced concrete slab is 100 mm thick with concrete strength class K30, 
standard cement suitable for concrete flooring in residential buildings 
(Betonghandboken - Arbetsutförande, 1992, Table 19.4:7), manufacturing class 
II and vct = 0.6. The reinforcement is made to prevent fissures from shrinkage 
and changes in temperature and an efficient limitation requires more 
reinforcement than usual. Clavensjö and Åkerblom (1992) recommend keeping 
the fissures below 0.20 mm with a minimal reinforcement area of 0.4 % 
compared with the concrete area. This gives, according to calculations in 
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Appendix B, a reinforcement area of 400 mm2/m specified as φ8 c125 Ks 500 
placed in the centre of the concrete slab. 

The concrete slab is membrane cured to prevent plastic shrinkage, which can 
lead to fissures in the newly cast concrete. The necessary time for drying of the 
concrete slab before any application on the surface is calculated to 192 days in 
Appendix B using Table 14.6:2 in Betonghandboken – Material (1994). The 
concrete surface is levelled with a floor-levelling product and before assembling 
parquet flooring on the concrete slab a vapour barrier has to be applied to protect 
the wood based material from moisture. The assumption is made that no heat 
source is present under the concrete slab. However, lead-throughs exists and are 
tightened properly using alkali resistant sealing strips and complementary 
castings are made with expanding mortar. 

5.3 Fault tree construction 

5.3.1 Hazard identification 
The hazard identification is established in the aim of the project to be the risk for 
an unhealthy indoor environment from air pollutants to occur caused by 
decisions made in the building process. The causes to the hazard are going to be 
identified using fault tree analysis, which makes the definition of the hazard 
important since it will constitute the top event of the fault tree. When 
constructing a fault tree it is necessary to describe the events precisely including 
what fault and when it occurs. The undesirable top event is defined as “Indoor 
air pollutants causing an unhealthy indoor environment to human beings in 
residential buildings”. “What fault” is the existent of air pollutants in residential 
buildings and “when the hazard occur” is when the indoor air pollutants become 
unhealthy to human beings. The top event of the fault tree is now established 
and the following investigation will focus on finding the input events that causes 
the output event or gives a more detailed specification of the output event. 

In section 3.3 factors of concern to an unhealthy indoor environment, depending 
on building material or some mistakes in the building process, are presented. 
Factors of high or of particularly high concern are radon, moisture and volatile 
organic compounds (VOCs). The Swedish Building Regulations (BBR) also 
states that ionised radiation, microorganisms and emissions shall be considered 
in the design phase to get a good indoor air quality. Radon and VOCs are 
themselves the cause of an unhealthy indoor environment. Moisture is not by 
itself the cause but is an environmental impact with the possibility to cause 
growth of microorganisms, which in turn will produce spores and secondary 
metabolites making the indoor environment unhealthy. Moisture is also the 
cause to some of the secondary chemical emissions coming from building 
material. The top event is therefore more specified by its input events (1) 
“Leakage of radon into the building”, (2) “Release of chemical emissions” and 
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(3) “Microorganisms in the building material”, which is shown in Figure 5.2. 
The sub-top events are passing through an OR-gate since they themselves or in 
combination are the unhealthy indoor environment. 

Indoor air pollutants causing an
unhealthy indoor environment  to

human beings in residentia l build ings

Leakage of radon
into the building

Release of
chemical emissions

Microorganisms in
the build ing material

Trans fer in

from  Figure 5.3  

Figure 5.2. Definition of top event and sub-top events in the fault tree. 

The undesirable event selected in this work to be developed further is the sub-
top event “Leakage of radon into the building”. The reason for this is that both 
the cause of high radon concentrations indoor and the effect on human beings 
are rather well known. It is also possible to find data due to investigations 
performed in several municipalities in Sweden and the Swedish Building 
Regulations states a threshold value of 200 Bq/m3 for radon concentrations 
indoor, which is valid for new buildings where people stay more than temporary, 
cf. section 3.6. 

5.3.2 Fault tree construction of sub-top event “radon” 
According to section 3.6.3 there are three ways for radon to enter the building. 
High concentrations of radon indoor can arise from radon-contaminated 
drinking water, from leakage of radon-contaminated soil air and/or from radon-
contaminated building material, see Figure 5.3. These three events are passing 
through an OR-gate since they themselves or in combination can be the cause to 
radon concentrations indoor. 
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Figure 5.3 Developed event “Leakage of radon into the building”. 

Radon that emanates from drinking water gives a small contribution to the 
indoor air compared to radon in soil air and is not either caused by the building 
component. The event “Radon-contaminated drinking water” is therefore not 
developed further, which is symbolised with a diamond. 

Almost all Swedish stone based building material contains Ra-226, which in 
turn disintegrate to Rn-222. Blue light concrete is no longer a problem in new 
construction but the ballast used in concrete can be the cause to radon 
concentrations indoor. The contribution to indoor air is often small compared to 
radon concentrations in soil air, but has to be considered when the building is 
designed with concrete not only in the foundation but also in walls and roof 
(Junker, 1999). The event “Building material contains Ra-226 disintegrating to 
Rn-222” is considered to be a basic event, because measurements on the 
contribution of radon to indoor environment from building material could be 
performed, and is therefore visualised with a circle. 

The most important event for high levels of radon indoor is ”Leakage of radon-
contaminated soil air into the building” and it is developed further to see what 
actions taken in the building process that causes the hazard. The causes to the 
undesirable event were defined in section 4.4 as environmental impact together 
with some fault in the building component depending on human error. To get 
leakage of radon contaminated soil air into the building there has to be radon in 
the soil air under or around the building. It also has to be some fault in the 
component with regard to air-tightness and lower air pressure indoor than 
outdoor. This is illustrated in the fault tree in Figure 5.4 with the three input 
events ”Lower air pressure indoor than outdoor”, ”Radon contaminated soil air 
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under or around the building” and ”Fault in component with regard to air-
tightness”, passing through an AND-gate since they are all needed to get radon 
concentrations indoor. Lower air pressure indoor than outdoor may depend on 
difference in temperature between indoor and outdoor air, type of ventilation 
used and/or wind pressure. These events are possible to develop further but will 
constitute basic events in this fault tree. 
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the build ing
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Transfer in
from Figure 5.5
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Figure 5.4 Causes to ”Leakage of radon-contaminated soil air into the 
building”. 

The environmental effect consists of the event ”Radon contaminated soil air 
under or around the building” and this branch is developed further. To get radon 
contaminated soil air under the building there are two events that have to be 
fulfilled namely that the material under and/or around the building contains 
radium, which can disintegrate into radon, and that the material allows 
transportation of soil air. This is visualised in Figure 5.5 where the two events 
are passing an AND-gate. The material under the building usually consists of 
undisturbed soil and/or bedrock and a drainage layer. Complementary material 
is sometimes used during construction for filling, e.g. sand or blasted rock. 
Radium in the material under the building can therefore originate from the soil 
or/and bedrock having high levels of radium concentrations or/and from the 
drainage layer or fill. The latter is under such conditions that the fill or drainage 
layer has the dimension to store large amounts of soil air. This is visualised in 
the fault tree in Figure 5.5 with the two events passing through an OR-gate and 



5 Risk analysis of a building component 

- 81 - 

they are considered to be basic events. In the case of capillary barrier sealing 
and drainage layers experience has showed that the layer thickness almost 
always are too thin to contribute to the total amount of radon concentration. It is 
not until the layer is over 0.3 meter and the material has a radium index over 1.0, 
which is equivalent to a radium content of 200 Bq/kg, that it has to be included 
in the risk calculation (Junker, 1999). 

Material containing radium has to come in combination with allowance for 
transportation of radon and soil air. This is achieved with diffusion of soil air or 
that radon is transported with flowing air or water. Soil air is transported with 
diffusion if the soil is permeable enough, which depends on the particle size 
distribution, degree of compaction and the water ratio. Radon can be transported 
with convection using flowing air or water. This requires that air can be 
transported via pipes in the soil, e.g. sewers, water pipes and telecom cables, 
pulled through casings, or in bedrock fissures. Radon can also be transported 
with flowing water but has a very limited transportation length caused by 
disintegration. 
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Figure 5.5 Developed event ”Radon content under and/or around the 
building”. 
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Returning to Figure 5.4, the event containing the environmental effect ”Radon 
contaminated soil air under or around the building” is now developed down to 
basic events and the work will continue with the event ”Fault in component with 
regard to air-tightness”. The analysis will not consider type of flooring since the 
flooring may change over the years depending on changes of house-owner 
and/or maintenance. The component has to be air-tight without using the 
flooring. 

Three ways of air leakage through the foundation into the building are shown in 
Figure 5.6 by the events “Air leakage through narrow openings”, “Air leakage 
through fissures in the component” and “Air leakage caused by too permeable 
component”. In this work fissures are defined as openings passing through the 
entire concrete slab and cracks are defined as minor openings in the concrete 
surface. These events are passing an OR-gate since they themselves or in 
combination can be the cause to leakage of soil air into the building. 
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Figure 5.6 Developed event ”Fault in component with regard to air-tightness” 

One of the major problems regarding radon concentrations indoor is the air 
leakage through narrow openings not tightened properly due to improper design 
or improper workmanship on the construction site. Narrow openings can exist 
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between building components, e.g. between foundation and wall, in untight 
construction joints between concrete layers or where pipes and other lead-
throughs are passing through the building component, see Figure 5.7. 

 Narrow 
opening 

Lead- 
through 

 

Figure 5.7 Examples of narrow openings and lead-throughs in a building. 

Another problem on the construction site is the recurring need for hewing in the 
concrete slab caused by errors on drawings or in the setting out of lead-throughs. 
Hewing in the concrete slab may cause permanent fissures. In Figure 5.6 these 
events are passing through an OR-gate since they themselves or in combination 
can be the cause to air leakage. The events “Narrow openings between building 
components”, “Untight construction joints in concrete” and “Fissures caused by 
hewing” are not developed further. It is common with lead-throughs passing 
from the ground under the foundation through the concrete slab into the building 
and they have to be tightened properly with alkali resistant sealing-strip. Casting 
round lead-throughs may result in fissures since the new and the old concrete 
will have different stop-values of shrinkage (Betonghandboken - Material, 1994, 
section 19.4:3.3). These two events are the input to the output event “Air 
leakage through lead-throughs in component”, passing through an OR-gate. 

Soil air can enter the building with diffusion if the component is too permeable 
but the risk with a normal concrete slab of 100 mm thickness is, according to 
chapter 3, negligible. In Figure 5.6 reasons for a too permeable concrete, such as 
to high water cement-ratio, improper vibration or improper curing, are shown 
passing through an OR-gate. These events will not be developed further. 

Another way of air leakage into the building through the concrete slab is through 
fissures in the concrete. As shown in Figure 5.8 these fissures can arise because 
of movements, temperature and/or shrinkage. The earliest fissures caused by 
movements originate from movements in the formwork and arise only 1-6 hours 
after casting (Betonghandboken - Material, 1994, section 19.4:1.4). This occurs 
because of improper design, construction of formwork or improper anchoring of 
embedded items. The width of the fissures depends on the size of the 
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movements. Fissures from movement can also arise later caused by settlements 
in the ground (Betonghandboken - Material, 1994, section 19.4:5.4). 
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Figure 5.8 Developed event ”Air leakage through fissures in component”. 

Temperature can be the cause to fissures in the concrete slab originating from 
early cooling after concrete hardening or/and reduction of temperature in 
surroundings. Fissures caused by early cooling after hardening are mostly a 
problem in large structures where high temperatures arise in the concrete 
(Betonghandboken - Material, 1994, section 19.4:2.3), which is not relevant here 
and the event is therefore not developed further. Fissures caused by reduction of 
temperature in surroundings often depends on lack of possibility for the 
structure to move and for a concrete slab on ground there will be differences in 
tensions depending on whether the casting is made on bedrock or on macadam. 
These fissures can be eliminated with proper design considering construction 
joints and proper amount and placement of reinforcement. The reinforcement 
does not eliminate fissures but can, with the right design, make them smaller and 
therefore of no hazard for leakage. 
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Figure 5.9 Developed event ”Fissures caused by shrinkage”. 

The input events to the event “Fissures caused by shrinkage” are shown in 
Figure 5.9. The concrete shrinkage depends on several factors of which the most 
important are the relative humidity in the surroundings, the composition and 
treatment of the concrete, dimensions of concrete component and the age of the 
concrete after casting. Fissures caused by shrinkage occur either by drying of the 
newly cast concrete, by external forces from e.g. other components or/and by 
different hardening. Newly cast concrete drying too fast may lead to plastic 
shrinkage with fissures as a result and this occurs 3-5 hours after casting if not 
prevented. Curing is the measurement taken right after casting to secure that the 
concrete contains enough water during the hydration phase. The curing phase is 
very important but sometimes neglected and insufficient curing inevitable 
worsens the quality of the concrete in all respects e.g. the resistance, tightness 
and permanence. A valuation of different curing methods gives that moisture 
curing is the most reliable method for good permanence but gives higher content 
of building site damp, which takes longer to dry. Covering with diffusion tight 
material is not as efficient as moisture curing and gives worse resistance and 
permanence. The results from membrane curing can vary significantly 
depending on type of manufacture and it can also have an adverse effect on the 
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adhesion of materials, which may be applied on the concrete surface later on 
(Betonghandboken, 1992, 1994). External forces can give rise to fissures from 
shrinkage and the usual causes are improper amount and placement of 
construction joints and/or reinforcement. It can also occur because of too fast 
development of the hardening process. Shrinkage fissures caused by different 
hardening occur when one side of the concrete hardens before the other and this 
can be a problem when casting on ground. Different hardening can also occur 
when the component has different size of cross section, which is relevant for a 
concrete slab with edge-support beams. 

5.3.3 Developed fault tree 
The construction of the fault tree is completed. It is shown in Figure 5.10 with 
transfer of the event “Fault in component with regard to air-tightness” to Figure 
5.11. 
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Figure 5.10. Developed fault tree from sub-top event ”Leakage of radon into the 
building”. The fault event “Fault in component with regard to air-
tightness” is transferred out to Figure 5.11. 
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Figure 5.11. The fault event “Fault in component with regard to air-tightness”, 
which is transferred out from Figure 5.10 and the sub-top event 
”Leakage of radon into the building”. 
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5.4 Qualitative examination of the fault tree 

5.4.1 Definition of the random variables, capacity and requirement 
The random variables in structural reliability analysis is denoted R for the 
resistance of the structure and S for the load effect and the objective of the 
design procedure is to ensure that R > S. When looking at the building 
component analysed in this work it seems more natural to handle it as an 
engineering system than a structural system since there are several engineering 
disciplines involved. The definition of the random variables in Ang and Tang 
(1990) are adopted to avoid any mix-up or confusion with structural reliability 
analysis, though structural reliability analysis is the inspiration of the work. The 
random variables are defined as: 

 X = capacity 

 Y = requirement 

and the objective of the design procedure is to ensure the event (X > Y) 
throughout the useful life of the engineering system, i.e. to ensure a healthy 
indoor environment to human beings in residential buildings through all the 
decisions made in the building process about the design, construction and 
maintenance of the building. The definitions of capacity X and requirement Y 
have to be established in the same way as for R and S in structural reliability 
analysis. Looking at an example with the simply supported beam in Figure 5.12 
with a uniform load q and the length L. 

L 

q 

 

Figure 5.12 Simply supported beam with a uniform load. 

The load effect of the bending moment MS depends on the load q and how the 
structure is designed without any respect to appearance or material of the beam: 

 
2

8S

qL
M =   (5.1) 

The moment capacity MR depends on the material strength fy and the appearance 
of the beam Z: 

 R yM f Z= ⋅   (5.2) 
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The “failure state” for the example occurs if the beam is not able to withstand 
the load effect and to avoid failure MR – MS > 0. If we instead look at the case 
with indoor environment and an environmental impact it can be illustrated as in 
Figure 5.13 for a concrete slab on the ground with the environmental load qenv 
for radon. The “failure state” in this example is that human beings become 
unhealthy when exposed to the “load effect”. 

 

 qenv  

Figure 5.13 Concrete slab on the ground with a uniform load of radon. 

The “load effect”, which is the requirement Yenv, is a function of the 
environmental load qenv and the decisions made in the building process about the 
design, construction and maintenance of the building component, denoted Denv. 

 ( ),env env envY f q D=   (5.3) 

The requirement Yenv is equal to the top event of the fault tree and unlike the 
beam in Figure 5.12 the requirement Yenv includes the appearance and material 
of the building component since the “failure state” is different. 

The resistance, which is the capacity Xenv, is the ability of human beings to 
withstand the different air pollutants indoor without becoming unhealthy. The 
capacity is often given in design codes as threshold values not to be exceeded 
and this gives that: 

 0env envX Y− ≥   (5.4) 

to avoid an unhealthy indoor environment. 

The capacity and the requirement in this work is defined as: 

Xenv =  the resistance of human beings to indoor air pollutants 

Yenv =  the top event of the fault tree including the environmental impact 
together with decisions made in the building process about the 
design, construction and maintenance of the building. 
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5.4.2 Definition of the capacity Xenv for radon concentrations 
The capacity Xenv is defined as the resistance of human beings to indoor air 
pollutants. Concerning resistance of human beings to radon concentrations 
indoor a large countrywide epidemiological survey was performed and 
presented in 1993 (Pershagen et al, 1993). The result was reviewed in section 
3.6.5 and the relationship was assumed to be linear between exposure of radon 
concentrations in dwellings and the increased risk for human beings to suffer 
from lung cancer. In the Swedish Building Regulations (BBR) is stated that new 
buildings are to be designed to ensure that the annual mean value for radon 
concentrations indoor never exceeds 200 Bq/m3. This threshold value will be 
used in the following risk estimation as a deterministic value of the capacity 
Xenv. 

5.4.3 Definition of the requirement Yenv for radon concentrations 
The requirement Yenv is defined as the top event of the fault tree including the 
environmental impact together with decisions made in the building process 
about the design, construction and maintenance of the building. The fault tree 
constructed in section 5.3 is reduced according to Figure 5.14, in order to 
evaluate the top event. The original fault tree was developed down to levels 
where experimental data or expert knowledge is difficult to find. This 
uncertainty can, however, be handled using structural reliability analysis since 
several random variables can be taken into account in a single basic event using 
SRA methods as first-order second-moment analysis and/or Monte Carlo 
simulations. 

Leakage of  radon
into the building

Leakage of  radon-
contaminated soil air into

the building
Building material
contains  Ra-226
dis integrating to

Rn-222

Radon
contaminated
soil air under

and/or around
the building

Low er air
pressure

indoor than
outdoor

A ir leakage
through

f issures  in
component

 

Figure 5.14 Reduced tree of event ”Leakage of radon into the building”. 
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To be easier to handle the events in the tree are characterised with capital letters 
and numbers when looking for minimal cut sets. The basic events (symbolised 
with circles) are characterised with B, fault events (symbolised with rectangles) 
with E and the top event is symbolised with T. The different events are also 
numbered in ascending orders starting from one. This gives the fault tree in 
Figure 5.15 to be evaluated qualitatively and quantitatively. 

T

E1 B1

B2 B3 B4

 

Figure 5.15 Reduced fault tree for estimation of the top event. 

Description of the events: 

T Leakage of radon into the building 
E1 Leakage of radon-contaminated soil air into the building 

B1 Building material contains Ra-226 disintegrating to Rn-222 
B2 Lower air pressure indoor than outdoor 
B3 Radon contaminated soil air under and/or around the building 
B4 Fault in component with regard to air-tightness 

To determine the minimal cut sets of the fault tree, the events are first translated 
to its equivalent Boolean equations from top of the tree down to the bottom and 
the basic events. 

 
T=E1 B1

E1=B2 B3 B4

∪
∩ ∩

  (5.5) 

Next step is to express each fault in terms of the basic events starting from the 
bottom and working oneself up in the tree. To eliminate any mistakes because of 
the similarity between the symbols of union and intersection, union will be 
marked with + and intersection with ⋅ . 

 T=B1+B2 B3 B4⋅ ⋅   (5.6) 
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The top event T appears as the union of the events E1 and B1. The event B1 is 
itself a minimal cut set for the top event, i.e. an event whose existence will 
initiate the top event of the tree. The event E1 appears as the intersection of a 
triple combination of basic events, and this combination is also a minimal cut set 
for the top event. Summarising the minimal cut sets makes two divided in one 
single and one triple minimal cut set. The triple minimal cut set belonging to 
event E1 is a combination of difference in air pressure between indoor and 
outdoor, radon-contaminated soil air under and/or round the building and 
leakage of soil air through the building component. 

5.5 Quantitative evaluation of the reduced fault tree 

5.5.1 Definition of basic event B1 
The basic event B1 is defined as “Building material contains Ra-226 
disintegrating to Rn-222”. The contribution of radon from a surface, e.g. 
building material or rock, can, according to Åkerblom et al (1988), be calculated 
using equation (5.7). 

 
1

surface

E F
C

n Vλ
⋅= ⋅

+
 [Bq/m3] (5.7) 

where 

λ = disintegration constant for radon, 7.55 x 10-3 h-1 
n = amount of turnovers in the volume, to/h 
E = exhalation of radon, Bq/m2h 
F = surface area, m2 
V = volume, m3 

With equation (5.7) the basic event B1 can be described as a set of random 
variables where the continuous variables can be expressed by a density function. 
The conditions under which the event will happen can be expressed with a limit 
state function. 

 B1

1
( , , , , )

E F
G n E F V

n V
λ

λ
⋅= = ⋅

+
Y   (5.8) 

To be able to estimate a probability density function and statistical parameters 
for the basic event there has to be measurements on the exhalation of radon from 
different surfaces. In this case the concrete slab is the only surface that can emit 
radon concentrations to the indoor air and for now this is assumed to be 
negligible compared to the amount of radon concentrations in the soil air.  
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5.5.2 Definition of basic events B2, B3 and B4 
The event E1 is defined as “Leakage of radon-contaminated soil air into the 
building” depending on the events B2, B3 and B4. According to Åkerblom et al 
(1988) radon concentration indoor, caused by leakage of radon contaminated 
soil air through fissures in building components, can be calculated using 
equation (3.4). This gives, however, very large values of radon concentrations 
indoor since no regard is taken to the effect of disintegration of radon or 
ventilation in the soil layer. A more accurate calculation can be made using 
equation (5.9). 

 max

( )build
build

fill

C R
C

RV
V p

λ
λ λ

⋅= ⋅
+ +

⋅
�

 [Bq/m3] (5.9) 

Cbuild = radon concentration in the building, Bq/m3 
Cmax  = radon concentration in the air volume under the building, Bq/m3 
�   = air turnover in the building, to/h 
λ  = disintegration constant for Rn-222, h-1 (7.55 x 10-3 h-1) 
Vbuild = building inside volume, m3 
Vfill = volume of fill and drainage layer under the building, m3 
p = soil porosity, % 

R is the amount of soil air leaking into the building given by equation (3.2) and 
(3.3). Jergling (1981) has made an investigation concerning air leakage through 
fissures in concrete elements. The study was made on concrete elements with 
the thickness of 100, 150 and 200 mm, and the air leakage was determined for 
the fissure widths 0.1, 0.3, 0.5 and 0.7 mm at different air pressure. The 
conclusion was, not surprisingly, that the air leakage increased with increasing 
fissure width and decreased with increasing element thickness. It is, however, 
difficult to use the results from the investigation herein since the relationship 
between the variables is not linear and the used difference in air pressure lies 
between 25-500 Pa, which is higher than the usual difference in air pressure in 
residential buildings. According to Nevander and Elmarsson (1994) a simple 
rule in Sweden is that difference in air pressure with respect to difference in 
temperature indoor and outdoor can be approximated with 1 pascal per meter 
(Pa/m) building height. They define leakage of air in two different ways 
depending on whether the fissure is passing through a thick or a thin board. If 
the board is thick compared to the width of the fissure it is possible to neglect 
the drop in pressure depending on losses of in- and outflow and the leakage is 
given by equation (5.10). The same equation is used in Betonghandboken - 
Material (1994) where water and gas flow through fissures in concrete is 
estimated according to equation 5.10. 
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3

12

p l w
R

tη
∆ ⋅ ⋅=

⋅
 [m3/s] (5.10) 

R = leakage, m3/s 
η = dynamic viscosity, Ns/m2 
∆p = pressure difference, Pa 
t  = depth of flow through, m 
l  = length of flow through, m 
w  = fissure width, m 

The equation gives that fissure width is of special importance since a growth of 
the fissure from 0.1 mm to 1 mm represents 1000 times higher gas flow through 
the component. In this case the fissure width in the concrete slab is small, i.e. 
less than 1.0 mm, compared to the thickness of the slab and equation (5.10) will 
therefore be adopted to calculate the amount of air leaking into the building. 
This gives the vector YE1 of the random variables: 
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 (5.11) 

Assuming independency between the basic events B2, B3 and B4 gives that the 
event E1 is the product of the basic events. The vectors of the basic events could 
then be given by: 

 B2 ( , , , , )
12 ( )build

building

p
G p V

V
η λ

η λ
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⋅ +
Y �

�
 [m-3] (5.12) 
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⋅

Y  [Bq/m3] (5.13) 
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G l w t
t

⋅= =Y  [m3] (5.14) 

and the vector YE1 will be a vector of the basic event vectors. 
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5.5.3 Estimation of basic event B2 
According to equation (5.12) the vector YB2 for the basic event B2 is defined as: 

 B2 12 ( )building

p

Vη λ
∆=

⋅ +
Y

�
 [m-3] (5.15) 

Difference in air pressure can arise because of e.g. difference in temperature 
between indoor and outdoor air, type of ventilation in the building or/and wind 
pressure (Nevander and Elmarsson, 1994). The difference in pressure in this 
work will only depend on difference in temperature between indoor and outdoor 
air given by: 

 ( ( ) ( ))u ip g T T hρ ρ∆ = ⋅ − ⋅  [N/m2] (5.16) 

where 
273

( ) 1,29
273

T
T

ρ = ⋅
+

  (5.17) 

g = acceleration of gravity, m/s2 
ρ = air density, kg/m3 
T = temperature, °C 
h = building height, m 

The acceleration of gravity, g, the building height, h, and the temperature 
indoor, Ti, will be considered as deterministic values, while the outdoor 
temperature, Tu, is a random variable represented by a probability density 
function described by the statistical parameters mean, m, and standard deviation, 
s. Data for outdoor temperature is collected from a report by Rosén et al (1997) 
where radon concentrations at two different locations, Slaka and Börje, were 
recorded during two years of time. Several other parameters were also recorded 
and amongst them the outdoor temperature at the locations. 
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Figure 5.16 Normal distribution plot for daily mean outdoor temperature at 
Slaka during 1994. 
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The data used here is from the location Slaka, which is close to the municipality 
of Linköping. The temperature was measured 96 times a day in January and 24 
times a day the rest of the year. Data available and used is from January 1 1994 
to December 28 1994 with a lack of data from July 15 to August 5. The mean 
outdoor temperature per day has been calculated and tested for normality using 
Statgraphics and with a probability of 0.122 it cannot be rejected that the 
outdoor temperature comes from a normal distribution with 90 % or higher 
confidence, Figure 5.16. It is assumed that every observation is measured 
independently, which gives the possibility to sort the data and form a histogram 
on outdoor temperature, Figure 5.17. 
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Figure 5.17 Histogram and normal probability density function for daily mean 
outdoor temperature at Slaka during 1994. 

The cause to lower frequency in the histogram in Figure 5.17 between daily 
mean values of 6 – 10 °C is not clear. It is, however, not likely to be caused by 
lack of data during a short period in the summer since these daily mean values 
ought to be higher. The assumption is made that the mean outdoor temperature 
at Slaka is normal distributed with the statistical parameters mean m = 6.58 °C 
and standard deviation s = 7.80 °C. The mean value for all observations per day 
has also been calculated giving m = 4.86 °C. Climate data for Linköping can be 
found in Alexandersson et al (1991) where reference normals for temperature 
are tabulated. The annual mean temperature for Linköping is 6.8 °C, which 
confirms the use of the daily mean value. The indoor temperature is considered 
constant over the year with Ti = 20.9 °C collected from the ELIB-report (Norlén 
and Andersson, 1993) as a mean value of indoor temperature in residential 



5 Risk analysis of a building component 

- 97 - 

buildings. The difference in height between spots of air leakage in the building 
is approximated to h = 2.5 m and the acceleration of gravity g = 9.81 m/s2. 

The difference in pressure ∆p can be calculated using Monte Carlo simulation 
with the computer program Variables Processor, VaP 1.6 (1999). The input 
random variable Tu is defined with mean value and standard deviation and the 
other inputs are considered deterministic. A 100.000 sample simulation gives the 
histogram in Figure 5.18 and the statistical parameters mean value m = 1.529 Pa 
and standard deviation s = 0.8642 Pa (skewness d = 0.152, kurtosis e = 3.03). 

 

Figure 5.18 Monte Carlo simulation of difference in air pressure ∆p. Mean 
value m = 1.529 Pa, standard deviation s = 0.8642 Pa. 

The definition of the rest of the variables for estimation of the event B2 give the 
dynamic viscosity η = 18.1 x 10-6 Ns/m2 in air at a temperature of 20°C 
(Nevander and Elmarsson, 1994), the building volume is approximated, using an 
indoor height of 2.4 m, to V = 264 m3 and the air turnover to 0.3 to/h. The 
disintegration constant for radon is λ = 7.55 x 10-3 h-1. 

The statistical parameters for the vector of the basic event B2 are estimated 
using VaP 1.6 and 100.000 samples Monte Carlo simulation. 

 YB2 = dp*3600/(12*ny*V*(n+lambda))  (5.18) 

This gives the histogram in Figure 5.19 with mean m = 3.135 x 105 m-3 and 
standard deviation s = 1.776 x 105 m-3 (skewness d = -0.017, kurtosis e = 3.02). 

Fr
eq

ue
nc

y 
pe

r 
10

0.
00

0 
sa

m
pl

es
 

 (Pa) 



 

- 98 - 

 

Figure 5.19 Histogram for the basic event B2 “Lower air pressure indoor than 
outdoor”, giving the statistical parameters mean m = 3.135 x 105 
m-3 and standard deviation s = 1.776 x 105 m-3. 

5.5.4 Estimation of basic event B3 
As mentioned earlier building a house is like putting a lid on the ground 
preventing the radon concentration in the soil air to be affected by diffusion or 
wind ventilation. The radon concentration under the building will therefore 
become the maximal concentration possible with respect to e.g. the actual 
radium concentration and the soil porosity. The vector of the basic event B3 is 
defined as: 

 max
B3

fill

C
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V p

λ

λ

⋅=
+

⋅

Y  [Bq/m3] (5.19) 

where Cmax is the radon concentration possible in the soil air and λ is the 
disintegration constant for radon also used for the basic event B2. The building 
is founded on a concrete slab on the ground with a 150 mm macadam layer, 
which is extended 1.0 m outside the concrete slab and with porosity p = 0.4 %. 
The fill volume then becomes Vfill = 24 m3. The leakage of soil air R into the 
building is part of the expression for event B3, which makes it a common-cause 
to the basic events B2 and B4. This has to be further examined but at the 
moment the leakage will be approximated as a deterministic value R = 1.0 m3/h 
when used in vector YB3. 

Data for radon concentration in soil air is collected from the report by Rosén et 
al (1997) in order to estimate the probability of the basic event B3 “Radon 
contaminated soil air under and/or round the building”. The radon concentration 
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in soil air was recorded during two years of time at two different locations, 
Slaka and Börje. The data used here is from Slaka and it were recorded between 
November 1993 and November 1995 in glacio-fluvial sand at three different 
depths, 0,7 meter, 1,0 m and 1,5 m. The measurements used are from 1,0 m, 
Figure 5.20, since the radon classification depending on risk area is based on 
this depth. Data was recorded automatically from passive instruments 
(Alphameter 400) permanently installed in the ground. In 1994 a stroke of 
lightning hit the equipment with considerable damage as a result. Almost two 
months of recording is therefore missing this year. In June 1995 a calculated 
stop in measurements were made and measurements are missing from June 1 to 
June 26. 

 

Figure 5.20 Radon concentration at 1.0 m depth in soil at Slaka from November 
1993 to November 1995. 

There is a variation in radon concentration in the soil air depending on time of 
year. The annual mean value for two years measurements at Slaka at 1,0 m 
depth is calculated in the report to 120 ± 35 kBq/m3 which is also the value in 
the beginning of year 1994. The radon concentration then increase rapidly 
during the snow-melting period to its annual maximum value and is thereafter 
decreasing during the spring to relatively low values in the summer. The annual 
minimum value is reached in the beginning of September when the 
concentration increases again depending on increasing water concentration in 
the soil. The conclusion in the report is yet that the radon concentrations in the 
soil air are relatively stable during the whole period of recording with variations 
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of approximately 30 % in the long perspective and about 10 % in the short, days, 
perspective. 

Every observation has been made independently and it is therefore possible to 
sort the data in ascending order to form a histogram on radon concentration in 
soil air at 1,0 meter depth, Figure 5.21. The data used is measured January 1 
1995 to November 30 1995 and the measurements in the summer considered 
incorrect in the report are not used. 
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Figure 5.21 Histogram and normal probability density function of radon 
concentration in soil air at 1.0 m depth at Slaka during 1995. 

The radon concentration in soil air is considered to be approximately normal 
distributed with statistical parameters mean m = 114.59 kBq/m3 and standard 
deviation s = 10.78 kBq/m3. The coefficient of variation v = s/m = 0.094. 

The statistical parameters for vector YB3 of the basic event B3 is estimated using 
VaP 1.6 (1999) and 100.000 samples Monte Carlo simulation. 

 YB3=Cmax*lambda/(lambda+(R/(Vf*p)))  (5.20) 

This gives the histogram showed in Figure 5.22 with the statistical parameters 
mean m = 7741 Bq/m3 and standard deviation s = 725 Bq/m3 (skewness d = -
0.016, kurtosis e = 2.98). 
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Figure 5.22 Histogram for basic event B3 “Radon contaminated soil air under 
and/or around the building” giving the statistical parameters mean 
m = 7741 Bq/m3 and standard deviation s = 725 Bq/m3. 

5.5.5 Estimation of basic event B4 
The vector YB4 of the basic event B4 “Fault in component with regard to air-
tightness” is, according to equation (5.14), defined as: 

 
3

B4

l w

t

⋅=Y  [m3] (5.21) 

The fissure width is the product of a distance and a strain, which makes the 
calculation difficult since these variables are not well known and estimation has 
often to be made from experience. The most reliable way to estimate the fissures 
is to estimate the final distance between the fissures as a threshold value. The 
strain has an upper known threshold value in the reinforcement strain. The 
relative humidity (RH) affects the propagation of fissures, which, in the case 
with a concrete slab on ground, makes it important whether the insulation is 
placed above or under the concrete slab. 

The shrinkage causes tensile stress in a concrete component disable to move and 
when the ability to stretch is exceeded fissures occur. The width of the fissures 
is reduced with reinforcement that distributes the stress causing more fissures 
with less width. The width w of the fissures in the concrete slab can be 
approximated with the strain ε in the reinforcement or in the concrete. The 
shrinkage strain for concrete is given in Eurocode 2 and in the Swedish code 
BBK 94 (in parenthesis) for different RH, which can hold for a threshold value 
for fissure width. 
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�� Insulation under slab: RH ≈ 60 % ⇒  εcd,0 = 0.50 ‰ (≈ 0.40 ‰) 
       w = 0.50 mm/m 

�� Insulation above slab: RH ≈ 90 % ⇒  εcd,0 = 0.17 ‰ (≈ 0.10 ‰) 
       w = 0.17 mm/m 

The tensile strength for reinforcement fst is given in BBK 94 where the minimal 
amount of reinforcement to reduce fissures in a concrete slab on ground is given. 

 ef cthst
s

s s s

A ff

E E A
ε

⋅
= =

⋅
   (5.22) 

Incorporating equation (5.22) in equation (5.21) gives: 
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where l is the length of the fissure and t is the thickness of the concrete slab. The 
length is, in this case, set to l = 1.0 m and the thickness t = 0.1 m. The 
definitions of the input variables for concrete and reinforcement are collected 
from the Probabilistic Model Code compiled by the Joint Committee on 
Structural Safety (JCSS, 2001). The reinforcement area can, according to JCSS, 
be considered normal distributed with coefficient of variation v = 0.02. The 
modulus of elasticity can be taken as constant, Es = 205 GPa and the tensile 
strength, fct, for concrete is given by: 

 2 / 30.3ct cf f= ⋅   (5.24) 

where fc is the in situ compressive strength for concrete. In Betonghandboken - 
Arbetsutförande (1992) the actual compressive strength for concrete has been 
tested giving for concrete class K30 the actual fc = 40 MPa. This gives the 
tensile strength: 

 2 / 30.3 40 3.51 MPactf = ⋅ =  

The tensile strength for concrete is according to JCSS log-normal distributed 
with coefficient of variation v = 0.3, giving a standard deviation s = 1.05 MPa. 
The smallest amount of reinforcement needed in the 100 mm concrete slab has 
been calculated in Appendix B to φ8 c125, which gives the effective concrete 
area Aef = 0.100 x 0.125 m2. However, this gives unreasonable large fissures for 
concrete slabs since no consideration is taken to relative humidity or distance 
between fissures. Using equation (5.22) and deterministic values gives 
reinforcement strain of εs = 4.2 ‰, which is higher than the threshold value. 
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The basic drying shrinkage strain in Eurocode 2 is given by: 
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where: 

fcm = mean compressive strength (MPa) 
fcmo = 10 MPa 
αds1 = coefficient which depends on type of cement 
 = 3 for slowly hardening cement 
 = 4 for normal or rapidly hardening cement 
 = 6 for rapidly hardening high-strength cement 
αds2 = coefficient which depends on type of cement 
 = 0.13 for slowly hardening cement 
 = 0.12 for normal or rapidly hardening cement 
 = 0.11 for rapidly hardening high-strength cement 
RH = the ambient relative humidity (%) 
RH0 = 100 % 

This gives for normal hardening cement: 

 ( )
3

6
, 869.55 exp 0.012 10 1

100cd cm

RH
fε −

∞

  = ⋅ − ⋅ ⋅ ⋅ −     
 (5.27) 

The actual mean compressive strength for concrete class K30 fc = 40 MPa and 
according to JCSS log-normal distributed with coefficient of variation v = 0.06, 
giving a standard deviation s = 2.4 MPa. Assuming a relative humidity of 60 % 
depending on placement of insulation gives: 

 Insulation under slab: RH ≈ 60 % ⇒ εcd,∞ = 0.42 ‰ 

This is a more realistic measure of fissure width unlike calculating the width in 
accordance with reinforcement strain. The distance between the fissures has a 
decisive influence on the fissure width and an approximation must be made, 
since no real data has been possible to obtain. The approximation made is that 
the first fissures in the concrete slab (b = 8.0 m, l = 13.75 m) will propagate with 
a joint distance of 3.0 meters. Theses fissures will occur in both directions of the 
slab and have a total length of 8 meters (4+2+2 m). Equation (5.27) is used in 
equation (5.21) as a measure of fissure width and the vector YB4 of the basic 
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event B4 is estimated using VaP 1.6 (1999) and 100.000 samples Monte Carlo 
simulation (eq. 5.28). 

 B4 = ((avs*869.55*10^-6*(exp(-0.012*fcm))*(1-(RH/100)^3))^3)*d/L 

This gives the histogram showed in Figure 5.23 with statistical parameters mean 
m = 162.8 x 10-9 m3 and standard deviation s = 13.98 x 10-9 m3. (skewness = 
0.080, kurtosis = 3.00). 

 

Figure 5.23 Histogram for the basic event B4 “Fault in component with regard 
to air-tightness” giving the statistical parameters mean m = 162.8 
x 10-9 m3 and standard deviation s = 13.98 x 10-9 m3. 
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5.6 Estimation of event E1 

5.6.1 Indoor concentration of radon on high risk area 
The vector YE1 of the event E1 “Leakage of radon-contaminated soil air into the 
building” is given by equation (5.29), which is the intersection of vectors of the 
basic events B2, B3 and B4: 
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Using Monte Carlo simulation and 100.000 samples to estimate the statistical 
parameters for E1 gives the histogram presented in Figure 5.24. 

 

Figure 5.24 Theoretical histogram for the event E1 “Leakage of radon-
contaminated soil air into the building”, giving the statistical 
parameters mean m = 397.0 Bq/m3 and standard deviation s = 
230.7 Bq/ m3. 

The histogram in Figure 5.24 of the simulation of event E1 falls below zero and 
indicates a negative radon concentration indoor, which is theoretically and not 
possible in reality. The negative values are caused by the fact that the 
distribution of basic event B2 falls below zero since the distribution of 
difference in air pressure falls below zero in the left tail, i.e. the indoor pressure 
is higher than the outdoor pressure. However, the mean value of event E1 is the 
product of mean values of the vectors YB2, YB3 and YB4 and therefore not 
affected of the negative left tail. To avoid incorrect interpretation of the 
histograms in the following a boundary will be set at zero in the left tail. This is 
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shown in Figure 5.25, which is a simulation with the same input variables as in 
Figure 5.24 but with a boundary at zero. 

 

Figure 5.25 Realistic histogram for event E1 “Leakage of radon-contaminated 
soil air into the building”, giving the statistical parameters mean m 
= 397.0 Bq/m3 and standard deviation s = 230.7 Bq/ m3. 

The statistical parameters are mean m = 397.0 Bq/m3 and standard deviation s = 
230.7 Bq/m3 (skewness d = 0.148, kurtosis e = 3.19) for radon concentration 
indoor. 

The event E1 constitutes the top event T since the event B1 “Building material 
contains Ra-226 disintegrating to Rn-222” is assumed to be negligible compared 
to radon concentrations in soil air. The event E1 is therefore compared with the 
threshold value 200 Bq/m3 for radon concentrations indoor stated in the Swedish 
Building Regulation (BBR). The probability for exceeding the threshold value 
is: 

 P(Xenv-Yenv < 0) = 0.80 
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5.6.2 Indoor concentration of radon on low risk area 
Soils categorised as low risk area with radon concentrations less than 10.000 
Bq/m3 are e.g. some moraine and sand. The radon concentration indoor is 
determined for Cmax = 10.000 Bq/m3 and using the same coefficient of variation 
v = 0.094 as for Slaka gives the standard deviation s = 0.094 x 10.000 = 940 
Bq/m3. The statistical parameters for event E1(low) are estimated with the same 
equation and input values, except for the input radon concentration, as for event 
E1 using 100.000 samples Monte Carlo simulation. The histogram is shown in 
Figure 5.26. 

 

Figure 5.26 Histogram for event E1 “Leakage of radon-contaminated soil air 
into the building” on low risk area giving the statistical parameters 
mean m = 34.4 Bq/m3 and standard deviation s = 20.1 Bq/m3. 

The statistical parameters are mean m = 34.4 Bq/m3 and standard deviation s = 
20.1 Bq/m3 (skewness d = 0.158, kurtosis e = 3.17) for radon concentration 
indoor on low risk area. 

The probability for exceeding the Swedish Building Regulation (BBR) threshold 
value 200 Bq/m3 when building on low risk area is: 

 P(Xenv-Yenv < 0) = 0 
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5.6.3 Indoor concentration of radon on normal risk area 
Soils with radon concentrations between 10.000 Bq/m3 and 50.000 Bq/m3 are 
categorised as normal risk area and the most usual risk area in Sweden. The 
radon concentration indoor is determined for Cmax = 50.000 Bq/m3, which gives 
standard deviation s = 0.094 x 50.000 = 4700 Bq/m3. The statistical parameters 
for event E1(normal) are estimated with the same equation and input values, except 
for the input radon concentration, as for event E1 using 100.000 samples Monte 
Carlo simulation. The histogram is shown in Figure 5.27. 

 

Figure 5.27 Histogram for event E1 “Leakage of radon-contaminated soil air 
into the building” on normal risk area giving the statistical 
parameters mean m = 173.1 Bq/m3 and standard deviation s = 
101.0 Bq/m3. 

The statistical parameters are mean m = 173.1 Bq/m3 and standard deviation s = 
101.0 Bq/m3 (skewness d = 0.166, kurtosis e = 3.21) for radon concentration 
indoor on normal risk area. 

The probability for exceeding the Swedish Building Regulation (BBR) threshold 
value 200 Bq/m3 when building on normal risk area is: 

 P(Xenv-Yenv < 0) = 0.38 
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5.7 Analytical estimation of safety index β 
The result from the simulations will in this section be compared with the 
analytical estimation of safety index β using first-order second-moment theory. 
The “failure state” is human beings become unhealthy when exposed to the 
“load effect”, the requirement Yenv, which is equal to the top event of the fault 
tree. The capacity Xenv, is the threshold value stated in design codes for different 
air pollutants indoor and is given as a deterministic value. The safety margin is 
given by: 

 ( ), 0env env env envM G X Y X Y= = − =   (5.30) 

The capacity and the requirement are: 

 3200 Bq/menv radonx= =X   (5.31) 

 max
E1( )

12 ( )env
build
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λ
η λ λ
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6869.55 10 exp 0.012 1

100cm

RH l
d f

t
−

   ⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ − ⋅        
 (5.32) 

 
Table 5.1 Definition of basic variables 
Variable �i �i v Distr. 
xradon 200 Bq/m3 0  D 
∆p 1.53 N/m2 0.86 N/m2 0.562 N 
η 18.1 x 10-6 Ns/m2 0  D 
Vbuild 264 m3 0  D 
�  0.3 t.o/h 0  D 
λ 7.55 x 10-3 h-1 0  D 
Cmax 114.59 kBq/m3 10.78 kBq/m3 0.094 N 
R 1.0 m3/h 0  D 
Vfill 24 m3 0  D 
p 0.4 % 0  D 
d 3.0 m 0  D 
fcm 40 MPa 2.4 MPa 0.06 LN 
RH 60 % 0  D 
l 8.0 m 0  D 
t 0.1 m 0  D 

D = deterministic, N = normal, LN = lognormal distributed 
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It is worth mentioning that the figures used are collected from literature and 
from approximations made and the round off of figures in the following is made 
approximately. Substituting the deterministic basic variables defined in Table 
5.1 gives the limit state function: 

 max
6

3600 0.00755
200

112 18.1 10 264 (0.3 0.00755) 0.00755
24 0.4

env

p C
M −

⋅ ∆ ⋅= − ⋅ ⋅
⋅ ⋅ ⋅ ⋅ + +

⋅

 

 ( )
3

3
6 60 8.0

3 869.55 10 exp 0.012 1 0
100 0.1cmf−

   ⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ − ⋅ =        
 

 max200 0.00944 exp( 0.036 ) 0env cmM p C f= − ⋅∆ ⋅ ⋅ − ⋅ =  (5.33) 

The basic variables described in Table 5.1 by their mean and standard deviation 
are normalised into the z-coordinated system given: 

 p
p

p

p
Z

µ
σ

∆
∆

∆

∆ −
=   (5.34) 

 max

max

max

max C
C

C

C
Z

µ
σ
−

=   (5.35) 

 ln

ln

ln
cm

cm

cm

cm f
f

f

f
Z

µ
σ

−
=   (5.36) 

where: 
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  (5.38) 

If the coefficient of variation v < 0.25 the following approximations can be 
made: 

 2 21 1   and   ln( 1)i i iv v v+ ≈ + ≈  
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The basic variables are expressed as: 

 p p pp Zµ σ∆ ∆ ∆∆ = + ⋅   (5.39) 

 
max max maxmax C C CC Zµ σ= + ⋅   (5.40) 
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cm f f f f f
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+
 (5.41) 

The limit state surface in the normalised z-coordinate system is given by: 

 
max max max

( ) 200 0.00944 ( ) ( )p p p C C Cg Z Z Zµ σ µ σ∆ ∆ ∆= − ⋅ + ⋅ ⋅ + ⋅ ⋅  

 (exp( 0.036 exp( ))) 0
cm cm cmf f fZ vµ⋅ − ⋅ ⋅ ⋅ =  

 
max

( ) 200 0.00944 (1.53 0.86 ) (114590 10780 )p Cg Z Z Z∆= − ⋅ + ⋅ ⋅ + ⋅ ⋅   

 (exp( 0.036 40 exp(0.06 ))) 0
cmfZ⋅ − ⋅ ⋅ ⋅ =  

 
max max

( ) 200 (1655.05 155.70 930.29 87.52 )C p C pg Z Z Z Z Z∆ ∆= − + ⋅ + ⋅ + ⋅ ⋅ ⋅   

 (exp( 1.44 exp(0.06 ))) 0
cmfZ⋅ − ⋅ ⋅ =   (5.42) 

The design point on the limit state surface is given by: 

 
max max

( , , ) ( , , )
cm cmp C f p C fZ Z Z α β α β α β∆ ∆= ⋅ ⋅ ⋅  (5.43) 
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Differentiating (5.42) regarding the normalised basic variables and substituting 
Zi with iα β⋅  gives: 

max
(930.29 87.52 ) exp( 1.44 exp(0.06 ))

cmC f
p

g

Z
α β α β

∆

∂ = − + ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅
∂

 (5.47) 
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(155.70 87.52 ) exp( 1.44 exp(0.06 ))
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C

g

Z
α β α β∆
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 (5.48) 
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 0.0864 exp(0.06 ) exp( 1.44 exp(0.06 ))
cm cmf fα β α β⋅ ⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅  (5.49) 

Substituting (5.47) – (5.49) into (5.44) –(5.46) gives the sensitivity factors αi for 
the basic variables. The safety index β is estimated using Newton-Raphson 
method: 
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1 /n n
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  (5.50) 

 
max max

(155.70 930.29 175.04 )C p C p

g α α α α β
β ∆ ∆

∂ = − ⋅ + ⋅ + ⋅ ⋅ ⋅ ⋅
∂

 

 exp( 1.44 exp(0.06 )
cmfα β⋅ − ⋅ ⋅ ⋅ +  

 
max max

2(1655.05 155.70 930.29 87.52 )C p C pα β α β α α β∆ ∆+ + ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅  

 0.0864 exp(0.06 ) exp( 1.44 exp(0.06 ))
cm cm cmf f fα α β α β⋅ ⋅ ⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅  (5.51) 

The safety index β and the sensitivity factors αi are solved iteratively by 
choosing starting values and calculating new values using (5.42-5.51). The 
calculations are made in Excel and shown in Appendix C. 
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Safety index β for high-risk area at Slaka 

The safety index β is estimated for radon concentrations at Slaka, which is 
categorised as high-risk area with mean � = 114.590 Bq/m3. This gives: 
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0.9931
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∆ =
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= −
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Safety index β for low risk area 

Safety index β for low risk area with mean � = 10.000 Bq/m3 gives the limit 
state surface in the normalised z-coordinate system: 

 
max

( ) 200 0.00944 (1.53 0.86 ) (10000 940 )p Cg Z Z Z∆= − ⋅ + ⋅ ⋅ + ⋅ ⋅   

 (exp( 0.036 40 exp(0.06 ))) 0
cmfZ⋅ − ⋅ ⋅ ⋅ =   (5.52) 

Differentiating (5.52) regarding the normalised basic variables and iteratively 
solve the safety index β and the sensitivity factors αi gives for radon 
concentrations on low risk area: 
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Safety index β for normal risk area 

Safety index β for normal risk area with mean � = 50.000 Bq/m3 gives the limit 
state surface in the normalised z-coordinate system: 

 
max

( ) 200 0.00944 (1.53 0.86 ) (50000 4700 )p Cg Z Z Z∆= − ⋅ + ⋅ ⋅ + ⋅ ⋅   

 (exp( 0.036 40 exp(0.06 ))) 0
cmfZ⋅ − ⋅ ⋅ ⋅ =   (5.53) 

Differentiating (5.53) regarding the normalised basic variables and iteratively 
solve the safety index β and the sensitivity factors αi gives for radon 
concentrations on normal risk area: 
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5.8 Summary 
The risk for radon concentrations indoor has been calculated for a concrete slab 
on ground with the properties described in section 5.2. The qualitative 
evaluation to find the basic events, which contribute to the occurrence of the 
undesirable top event “Leakage of radon into the building”, has been made using 
fault tree analysis. The quantitative evaluation has been made using both Monte 
Carlo simulation and first-order second-moment theory. Both the simulations 
and the analytical calculations gave the same answer of the risk to exceed the 
Swedish Building Regulations threshold value 200 Bq/m3 at different radon risk 
areas: 

 High risk area: P(Xenv-Yenv<0) = 0.80 (Slaka = 114.590 Bq/m3) 

 Normal risk area: P(Xenv-Yenv<0) = 0.38 (10.000 - 50.000 Bq/m3) 

 Low risk area: P(Xenv-Yenv<0) ���  (< 10.000 Bq/m3) 

Society expects that occupants and users of buildings and structures are safe. 
People expect that failure of buildings and structures is extremely rare and they 
consciously rely on the professional care and expertise involved in the planning, 
design and construction of buildings (Schneider, 1997). The safety indices for 
radon can be compared with the safety indices in the Swedish Design 
Regulations (BKR), where structures are to be designed according to different 
safety classes. The safety index β is defined according to ISO 2394-1998, 
General principles on the reliability for structures and for: 

 Safety class 1: 3.7β ≥ , giving 3( ) 0.11 10P β −= Φ − = ⋅  

 Safety class 2: 4.3β ≥ , giving 5( ) 0.85 10P β −= Φ − = ⋅  

 Safety class 3: 4.8β ≥ , giving 6( ) 0.79 10P β −= Φ − = ⋅  

For the building component of interest here, it is only on low risk area fulfilling 
the lowest safety class according to the Swedish Design Regulations, which is 
design of structures with no or minimal risk for serious injuries to human beings, 
i.e. buildings where people stay only temporary. The risk on normal risk area, 
which is the most common risk area in Sweden (70 % of total area), is according 
to calculations 38 % and only with reference to fissures in the concrete slab. 
Fissures in the concrete slab are probably a minor problem compared to lead-
throughs and narrow openings not sealed properly. 
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6 APPLICATION OF MODEL ON AVAILABLE DATA 

6.1 Introduction 
In the municipality of Hudiksvall over 8.000 buildings have been measured for 
radon concentrations indoor. The distribution of radon concentrations in 
residential buildings in the municipality were presented in the Swedish 
Government’s radon investigation (SOU 2001:7) showing the amount of 
buildings with high indoor concentrations of radon were the same independent 
of how the ground was categorised according to risk area, cf. section 3.6.4. 

Data of measurements of radon concentrations indoor for residential buildings 
built after 1980, i.e. after the threshold value for new buildings were set to 200 
Bq/m3 in the Swedish Building Regulations, has been received from the 
Environment and Health Protection Office at Hudiksvall. The data was sorted 
with regard to foundation type and from a total amount of 672 residential 
buildings 226 were founded with concrete slab on ground, 15 with “warm 
foundation”, 94 with basement, 332 with crawl space and 5 with unknown 
foundation type. The 226 residential buildings founded with concrete slab on 
ground were sorted out and the design of the foundations was collected from the 
archive of building permission documents. After review of the documents 55 
“buildings” were rejected mostly depending on not being a residential building 
where people stay more than temporary or that the foundation type was 
incorrect. Left were 168 buildings with a somewhat uncertain design since in 
most documents only the word “concrete slab on ground” was written and 
standard drawings from the house manufacturer were enclosed. The uncertainty 
lies in the fact whether the house is built according to the standard drawings or 
not. It is assumed that the data is correct since a proper investigation of the 
buildings would be very expensive and time consuming. 

The municipality of Hudiksvall has performed an investigation of radon 
concentrations in soil categorised according to risk area. The risk area map of 
radon shows six different types of area; two types of high-risk area depending 
on type of soil or bedrock, one type of area with local occurrences of high-risk 
area, two types of normal risk area depending on type of soil or bedrock and 
finally one type of low risk area. The predominant type of risk area of the 
municipality is normal risk together with large areas of high risk near the coast 
region in the east. The west region of the municipality shows some areas of low 
risk. 
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6.2 System definition 
From the 168 residential buildings founded with concrete slab on ground 22 
buildings are ventilated with self-draught, 41 have ventilation with exhaust air 
and 104 have exhaust air – air supply systems. As the information in the 
building permission documents is very insufficient about the foundation 
approximations have to be made. It can be noted when looking at the data that 
almost all of the 168 buildings founded with concrete slab on ground have the 
same design. The buildings with self-draught ventilation are mostly founded on 
moraine or gravel with a 150 mm drainage layer. Only one building of the 22 
has 50 mm insulation placed under the concrete slab and the others have the 
concrete slab placed directly on the drainage layer and the insulation placed on 
top of the concrete. 

The definition of the system is that the concrete slab is 100 mm (106 of 168) 
thick with concrete strength class K25 (122 of 168). The reinforcement is the 
most uncertain part since 115 building permission documents do not specify the 
reinforcement. In 61 of the documents reinforcement are not mentioned at all 
and the remaining 37 buildings are reinforced with φ6 c200. 

All buildings have flooring built up with wooden framed floor placed directly on 
the concrete slab or with a levelling compound and a 0.2 plastic folie placed 
between the concrete and the wooden frame. The insulation, usually 60-70 mm 
of cellular plastic, is placed on top of the concrete slab and finally a 19-22 mm 
particleboard. It can be noted that several of the buildings of current interest 
have moisture problems. 

The 22 self-draught ventilated buildings are built between 1981 and 1988 and 
are founded on ground, which in 13 cases are classified as normal risk area with 
a radon concentration between 10.000 – 50.000 Bq/m3 and 8 on areas with local 
occurrence of high-risk, i.e. radon concentrations > 50.000 Bq/m3, and one 
building is built on low-risk area, i.e. radon concentrations < 10.000 Bq/m3. The 
radon concentration indoor has been measured and is here presented in a 
frequency table with a class width of 50 Bq/m3, Table 6.1. 

Table 6.1 Frequency table of indoor radon concentration. 

Radon (Bq/m3) ≤ 100 101-150 151-200 > 200 

Frequency 6 6 4 6 

Relative 
frequency (%) 

27.3 27.3 18.1 27.3 
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6.3 Estimation of radon concentration indoor 
Radon concentrations indoor expected in the 22 buildings in Hudiksvall with 
self-draught ventilation system are estimated using equation (6.1) and Monte 
Carlo simulation. 
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 (6.1) 

The assumption is made that the annual mean outdoor temperature is the same 
as in Härnösand, Sweden, where Alexanderson et al (1991) gives Tu = 4.4°C and 
using the same coefficient of variation calculated for outdoor temperature at 
Slaka in section 5.7.3 gives the standard deviation s = 5.2°C. The indoor 
temperature is considered constant over the year with Ti = 20.9°C collected from 
the ELIB-report (Norlén and Andersson, 1993) and the building area is here 
approximated to 100 m2 (8 x 12.5 m2) with a building volume of 240 m3 and a 
height h = 2.5 m between spots of air leakage. 

The difference in air pressure ∆p between outdoor and indoor air is calculated in 
the same way as in chapter 5 using Monte Carlo simulation with 100.000 
samples. This gives the histogram shown in Figure 6.1 and the statistical 
parameters mean value m = 1.755 Pa and standard deviation s = 0.585 Pa 
(skewness d = 0.122, kurtosis e = 3.04). 

 

Figure 6.1 Monte Carlo simulation of difference in air pressure ∆p. Mean 
value m = 1.755 Pa, standard deviation s = 0.585 Pa. 
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The dynamic viscosity η = 18.1 x 10-6 Ns/m2 in air at a temperature of 20°C 
(Nevander and Elmarsson, 1994) and the air turnover are approximated to 0.3 
turnovers/h. The disintegration constant for radon is λ = 7.55 x 10-3 h-1. 

The building is founded with a concrete slab on ground with a 150 mm 
macadam layer approximately extended 1.0 m outside the concrete slab and with 
a porosity p = 0.4 %. The fill volume becomes Vfill ≈ 22 m3. The insulation is 
placed on top of the concrete slab why the relative humidity in the surroundings 
is expected to be 90 %. The same assumption is made concerning fissure length 
and distance between fissures as in section 5.5.5, i.e. the fissure length l = 8.0 m 
and the distance between the fissures is 3 meters. The thickness of the concrete 
slab is t = 0.1 m. The in situ compressive strength fc = 33 MPa for concrete K25 
(Betonghandboken, 1992) and is according to JCSS (2001) log-normal 
distributed with coefficient of variation v = 0.06 giving the standard deviation s 
= 1.98 MPa. 

Using Monte Carlo simulation and 100.000 samples to estimate the statistical 
parameters for the vector YE1 together with radon concentration for normal risk 
area Cmax ≤ 50.000 Bq/m3, gives the histogram in Figure 6.2 and the mean value 
m = 10.68 Bq/m3 and standard deviation s = 3.64 Bq/m3 (skewness d = 0.087, 
kurtosis e = 3.06). 

 

Figure 6.2 Monte Carlo simulation of radon concentration indoor on normal 
risk area. Mean value m = 10.68 Bq/m3, standard deviation s = 
3.64 Bq/m3. 

The radon concentration indoor becomes very low only looking at fissures since 
the relative humidity is high when placing the insulation on top of the concrete 
slab. The high RH decreases the risk for fissures caused by concrete shrinkage. 
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6.4 Summary of result 
The low radon concentration indoor from the simulation depends on the relative 
humidity of 90 %, which gives a very small concrete shrinkage and in turn small 
or no fissures. The radon concentration indoor, which obviously exists in most 
of the buildings, is probably coming from narrow openings, e.g. lead-throughs 
not tightened properly. It would be interesting to make new measurement in 
these buildings after performing complementary sealing of lead-throughs to see 
whether the result is correct or not. One odd conclusion of this is that designing 
the concrete slab on ground with the insulation placed on top of the concrete 
may give moisture problems but not radon concentrations indoor presupposed 
narrow openings are sealed properly. Designing the concrete slab on ground 
with the insulation placed under the concrete gives radon concentrations indoor 
but may not give moisture problems. Today, the concrete slab on ground almost 
always is designed with the insulation placed under the slab and therefore is the 
estimation of width and placement of fissures of importance to be able to 
estimate the risk for radon concentrations indoor. 

Another conclusion is drawn from the documentation of the foundation of 
residential buildings in building permission documents. The foundation does not 
seem to have as high priority as other building components, which is strange 
since the possibility to attend to faults made in the foundation is almost 
impossible afterwards. The foundation type was mentioned very briefly in one 
row in almost all documents, e.g. “concrete slab on ground”. Drawings enclosed 
to the building permission documents were in most cases principal drawings 
from a residential building manufacturer where the foundation was left out or 
very sparse presented to be complemented for the actual building site. 
Complementary drawings on the foundation were, however, very seldom 
enclosed in the building permission documents. Today, the proprietor is 
responsible for the function of the building, i.e. that the building is not causing 
any inconvenience to human beings, according to the Swedish Building 
Regulations. Is it appropriate to hand over the responsibility to proprietors not 
familiar with causes and consequences of different building technique when 
constructing residential buildings under personal management? 
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7 CONCLUSION AND FUTURE RESEARCH 

7.1 Conclusions 
The aim of the work was to develop a probabilistic method for estimation of the 
risk for an unhealthy indoor environment from air pollutants to occur caused by 
decisions made in the building process. The method would create a possibility 
for different participants in the building process to receive information about the 
risk in an early phase of the process. 

An enormous number of decisions are made in the process of planning, 
designing and constructing a future building. To get an unhealthy indoor 
environment there has to be an environmental impact together with fault due to 
human error in some stage of the building process. Several surveys have come to 
the conclusion that, e.g. insufficient commitment and lack of knowledge are 
major causes to faults in the building process. Errors by those involved in the 
building process cannot be ruled out completely but e.g. commitment may be 
improved by more influence of the working situation. Lack of knowledge may 
be improved by continuous education, which most possibly would improve the 
commitment. Lack of knowledge may also exist because of lack of research or 
the inability to mediate research results to the building community. It has 
become obvious, when developing and evaluating the fault tree, where lack of 
knowledge and lack of experimental or theoretical data exists. This could be 
seen as an advantage for the use of fault tree analysis since different actions 
necessary to eliminate or reduce the risk for undesirable events become easier to 
point out. This would be beneficial for quality assurance systems used both to 
eliminate faults and as a communication tool between different participants in 
the building process. 

The deductive approach in fault tree construction, where small steps are taken 
and the closest cause to an event is sought, turned out to be a rather well 
working tool also for the building process. Evaluating the fault tree qualitatively 
with minimal cut sets gives the events in the building process with the ability to 
cause the undesirable top event. The use of probability theory for quantitative 
evaluation of the fault tree can be seen both as the weak and as the strong part 
when dealing with the building process. The weak part is that whereas electronic 
equipments are produced in considerable numbers, which gives the opportunity 
to establish failure probabilities in terms of relative frequency, the “failure” 
probability for events taken place in the building process is almost always a 
function of the analyst’s lack of knowledge of the properties of interest and the 
nature of the uncertainty. However, the use of structural reliability analysis gives 
the possibility to include the random basic variables from a whole branch in the 
fault tree in a single analysis presupposed that some function expressing the 
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relationship between the basic variables and the limit state is known. This is 
shown in chapter 5 where a function expressing the relationship between radon 
concentrations in soil air, air pressure and fissures in a concrete slab on ground 
is used to estimate the risk for radon concentrations indoor using both Monte 
Carlo simulation and first-order second-moment theory. 

The risk analysis has been performed on a concrete slab on the ground with the 
perspective to estimate the risk for the undesirable event “Leakage of radon-
contaminated soil air into the building” to occur. The leakage of radon-
contaminated soil air has only been considered through fissures in the concrete 
slab and it has been difficult to find proper relationships between how fissures 
occur, fissure width, and concrete and reinforcement properties. Approximations 
have therefore become necessary. However, the simulation and the analytical 
calculation gives for normal risk area, which is 70 % of the total area of Sweden, 
safety index β = 0.30 in residential buildings where people stay more than 
temporary. Comparing the result with the Swedish Building Regulations safety 
class 2 for structures of residential buildings gives safety index β �����������	�
residential building on normal risk area, designed according to section 5.2, the 
probability to exceed the Swedish Building Regulations threshold value 200 
Bq/m3 for radon concentrations indoor is more than 40.000 times larger than the 
risk for structural failure. 

The probabilistic method is applied on available data from the municipality of 
Hudiksvall. The concrete slabs on ground of the residential buildings are 
designed differently than the example in section 5.2. The insulation is placed on 
top of the concrete slab causing a more humid environment, which results in 
fewer fissures caused by shrinkage. The risk for radon concentrations indoor 
becomes negligible, however, obviously according to the measurements, the 
buildings contain radon concentrations, which then have to have its origin from 
untight lead-throughs or narrow openings. 

Another conclusion is drawn from the documentation of the foundation of 
residential buildings in building permission documents. The foundation does not 
seem to have as high priority as other building components, which is strange 
since the possibility to attend to faults made in the foundation is almost 
impossible afterwards. The foundation type was mentioned very briefly in one 
row in almost all documents, e.g. “concrete slab on ground”. Drawings enclosed 
to the building permission documents were in most cases principal drawings 
from a residential building manufacturer where the foundation was left out or 
very sparse presented to be complemented for the actual building site. 
Complementary drawings on the foundation were, however, very seldom 
enclosed in the building permission documents. Today, the proprietor is 
responsible for the function of the building, i.e. that the building is not causing 
any inconvenience to human beings, according to the Swedish Building 
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Regulations. Is it appropriate to hand over the responsibility to proprietors not 
familiar with causes and consequences of different building technique when 
constructing residential buildings under personal management? 

7.2 Future research 
Suggestions for future research are twofold. Primarily, research is needed to 
reach a more consistent probabilistic method for radon concentrations indoor 
concerning input variables; and secondly, research is needed to develop the 
method further including air pollutants such as emissions and microorganisms, 
which contribute to an unhealthy indoor environment to human beings. 

The minimal reinforcement area for a concrete slab on ground to avoid fissures 
can be calculated according to BBK 94 or Betonghandboken - Konstruktion 
(1990). The general advice in Betonghandboken is that reinforcement primarily 
is needed to keep the concrete floes together, however, the fissure width has a 
high impact on the leakage of soil air into the building and therefore also on the 
result. A suggestion for future research is to study the behaviour of a concrete 
slab on ground designed and constructed for residential buildings since proper 
relationships between how fissures occur, width, distance between fissures and 
concrete and reinforcement properties have been difficult to find. 

Radon concentrations in soil air exist in different amount all over Sweden and 
even on low risk area may radon concentrations under the building cause high 
concentrations indoors depending on the ability of the soil to store large amounts 
of soil air. Measurements performed at the location Slaka, outside Linköping, 
have been used to develop the probabilistic method. The location is, according 
to the classification, considered as high-risk area. The statistical descriptive from 
Slaka, i.e. the coefficient of variation, has been used to approximate random 
variables for radon concentrations in soil air of normal risk and low risk areas. 
This may be incorrect and long-term measurements of radon concentration in 
soil air would be beneficial to the accuracy of the model. 
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APPENDIX A 

Rules of Boolean algebra 

Table A.1 Rules of Boolean algebra (Vesely et al, 1981). 

Designation Mathematical symbols 

Commutative law 1 2 2 1E E E E∩ = ∩  

1 2 2 1E E E E∪ = ∪  

Associative law 
( ) ( )1 2 3 1 2 3E E E E E E∩ ∩ = ∩ ∩  

( ) ( )1 2 3 1 2 3E E E E E E∪ ∪ = ∪ ∪  

Distributive law 
( ) ( ) ( )1 2 3 1 2 1 3E E E E E E E∩ ∪ = ∩ ∪ ∩  

( ) ( ) ( )1 2 3 1 2 1 3E E E E E E E∪ ∩ = ∪ ∩ ∪  

Idempotent law E E=E∩  
E E=E∪  

Law of absorption 
( )1 1 2 1E E E E∩ ∪ =  

( )1 1 2 1E E E E∪ ∩ =  

Complementation 

E E∩ = ∅  
E E 1∪ = Ω =  

( )E E=  

de Morgan’s theorem 
( )1 2 1 2E E E E∩ = ∪  

( )1 2 1 2E E E E∪ = ∩  

Unnamed relationships but frequently 
used in the reduction process 

( )1 1 2 1 2E E E E E∪ ∩ = ∪  

( ) ( )1 1 2 1 2 1 2E E E E E E E∩ ∪ = ∩ = ∪  

Fundamental axioms of probability theory 

Axiom 1 

For any event E 

 ( )0 P E 1≤ ≤  (A.1) 

where the function P is the probability measure. P(E) is the probability of the 
event E. 
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Axiom 2 

Let the sample space be Ω. Then 

 P(Ω) = 1 (A.2) 

Axiom 3 

If E1, E2, ..., En are mutually exclusive events then 

 ( )
n n

i i
i=1i=1

P E P E
  = 
 

∑�  (A.3) 

In many practical applications the probability of occurrence of event E1 
conditional upon the occurrence of event E2 is of great interest. This probability 
called the conditional probability is denoted ( )1 2P E E  and is defined by 

 ( ) ( )
( )
1 2

1 2
2

P E E
P E E

P E

∩
=  (A.4) 

if P(E2) > 0. The conditional probability is not defined for P(E2) = 0. 

Event E1 is said to be statistically independent of event E2 if 

 ( ) ( )1 2 1P E E P E=  (A.5) 

that is, if the occurrence of E2 does not affect the probability of E1. From 
equation (A.4) the probability of the event 1 2E E∩  is given by 

 ( ) ( ) ( ) ( ) ( )1 2 1 2 2 2 1 1P E E P E E P E P E E P E∩ = =  (A.6) 

If E1 and E2 are statistically independent (A.6) becomes 

 ( ) ( ) ( )1 2 1 2P E E P E P E∩ =  (A.7) 

This rule is called the multiplication rule (Thoft-Christensen and Baker, 1982). 
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APPENDIX B 

Insulation thickness 

The necessary insulation thickness under the concrete slab in chapter 5.2 is 
calculated using the method shown in Harderup (1993, 2000). The assumptions 
made concerning the conditions are that the building is situated outside 
Linköping and the soil on the building site consists of glacio-fluvial sand. The 
annual mean temperature is T0=6.6°C, and the indoor temperature is Ti=20.9°C. 
The residential building has an area of 110 m2 (b=8,00 m, l=13,75m). Sand has a 
thermal conductivity (λj) of 2.0 W/m°C and a thermal capacity (C) of 2.0x106 
J/m3°C to be used for calculation of insulation thickness under the concrete slab. 
The insulation to be used is Paroc ground stone wool 389-00 with thermal 
conductivity (λi) of 0.036 W/m°C. 

 
13.75

1.72
8

L

B
= =  (B.1) 

 1 0

1 0

20.9 3 6.6
0.79

20.9 6.6mitt

T T T
u

T T

− ∆ − − −= = =
−−

 (B.2) 

From the calculated values in equation (B.1) and (B.2) the value of d/B can be 
established using Figure 13 in Harderup (2000). 

 / 0.15d B ≈  (B.3) 

This gives 

2.0 0.15 8.0 0.036
0.15 0.022

8.0 0.036 2.0
i j i j i

i
i i

d dd d
d d

B B

λ λ
λ λ
⋅ ⋅ ⋅ ⋅ ⋅= ⇒ = ⇒ = ⇒ = =

⋅ ⋅
 

The necessary insulation thickness is 22 mm. 
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Reinforcement for limitation of fissure width 

The necessary amount of reinforcement in the concrete slab in chapter 5.2 
depends on the fissure width. According to Clavensjö and Åkerblom (1992) the 
fissure width shall be limited to 0.2 mm to prevent airflow through the concrete 
slab and this is also the recommendation in the building codes to prevent 
leakage of water through a concrete component. Their recommendations of how 
to reinforce a concrete slab on ground gives a minimal reinforcement area of 0.4 
% compared with the concrete area. Calculation of fissure width in concrete is 
made according to BBK 94 chapter 4.5.6, which is the method used in the 
design phase by building designers. The minimal amount of reinforcement is 
given by: 

 s st ef cthA f A f≥  (B.5) 

where 

As reinforcement area 
Aef effective area of concrete 
fst design value of tensile strength of reinforcement in serviceability limit 
state 
fcth tensile strength of concrete 

The effective area of 1.0 m of the concrete slab assuming reinforcement φ8 is 
given by: 

 2(2 ) 1000 (2 46 8) 100000 mmefA B c φ= ⋅ + = ⋅ ⋅ + =  (B.6) 

The tensile strength for the reinforcement and the concrete is given by: 

 500 MPast kf f= =  (B.7) 

 1.5 1.5 1.60 2.40 MPacth ctkf f= = ⋅ =  (B.8) 

But for the tensile strength of reinforcement the highest value permitted is fst = 
420 MPa. This gives a reinforcement area of: 

 2100000 2.40
572 mm /m

420
ef cth

s
st

A f
A

f

⋅≥ = =  (B.9) 

For a concrete slab on ground the amount of reinforcement can be reduced to 0.7 
times the value of As depending on the friction which gives As = 400 mm2/m. 
This gives a reinforcement of φ8 c125 in the concrete slab, which is 0.4 % of the 
concrete area. The distance between the reinforcement is less than 16φ, which is 
the smallest distance allowed to reassure that the reinforcement acts on the entire 
area. 
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Necessary time for drying out 

The necessary time for the concrete slab to dry out is calculated using Table 
14.6:2 in Betonghandboken – Material (1994). The method is very approximate 
and it is suggested not to use the possibility to shorten the time by counting the 
insulation under the slab as a positive effect on the drying out process. The 
normal case in the table is a 100 mm thick concrete slab with concrete K25 and 
membrane cured. Corrections made for the concrete slab in this work are: 

Strength class K30 gives Csc ≈ 0.8. 

No reduction is made for age, as it is only important during the first weeks. The 
slab is protected against water until the assembling of the building when the 
drying out process can be started. 

Climate during the drying out process is considered to be RH 20-50 % and 
20°C, which gives no reduction 

No reduction is made for the thickness or the insulation under the slab according 
to the suggestions about one side drying out. 

Reduction is made for critical content of humidity to RHcrit 80 % which gives 
CRH = 4. 

No reduction is made for membrane curing. 

This gives necessary time for drying out: 

 60 60 0.8 4 192 dayssc RHT C C= ⋅ ⋅ = ⋅ ⋅ =  (B.10) 

which is more than 6 months! 
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APPENDIX C 

Iterative calculation of safety index β 

The iterative calculations of the sensitivity factors α and safety index β are made 
using Excel. The abbreviations used in the heading are explained below. 

 

alfa dp alfa C alfa f beta dg/ dg/ dg/ norm. dg/ g(beta) g(beta)/
/dZdp /dZC /dZf length /dbeta /delta

High risk area

0.5 0.5 0.5 3 219.62 59.371 -68.08 237.47
0.9248 0.25001 -0.2867 -0.33 253.69 101.51 -94.788 289.22 -287.17 -955.18 3.3262
0.8772 0.35099 -0.3277 -0.91 216.03 30.672 -28.045 219.99 -209.44 -122.52 0.585
0.982 0.13942 -0.1275 -0.87 215.6 18.153 -16.588 216.99 -216.36 9.3435 -0.0432

0.9936 0.08366 -0.0764 -0.87 217.65 18.899 -17.307 219.16 -219.15 0.4794 -0.0022
0.9931 0.08623 -0.079 -0.87 217.57 18.948 -17.351 219.08 -219.08 0.0015 -7E-06
0.9931 0.08649 -0.0792 -0.87 217.56 18.948 -17.351 219.08 -219.08 1E-05 -5E-08
0.9931 0.08649 -0.0792 -0.87 217.56 18.948 -17.351 219.08 -219.08 5E-09 -2E-11  

 

Normal risk area

0.5 0.5 0.5 3 95.819 25.885 -29.703 103.6
0.9249 0.24985 -0.2867 0.573 110.68 44.261 -41.357 126.18 -125.28 -304.01 2.4267
0.8772 0.35079 -0.3278 0.304 99.587 20.966 -19.415 103.61 -101.08 -27.259 0.2697
0.9612 0.20236 -0.1874 0.291 97.205 18.814 -17.334 100.51 -100.49 -1.3071 0.013
0.9671 0.18717 -0.1724 0.291 97.084 18.705 -17.229 100.36 -100.36 -0.0085 8E-05
0.9674 0.18638 -0.1717 0.291 97.08 18.704 -17.228 100.36 -100.36 -2E-05 2E-07
0.9674 0.18638 -0.1717 0.291 97.08 18.704 -17.228 100.36 -100.36 -4E-10 4E-12
0.9674 0.18638 -0.1717 0.291 97.08 18.704 -17.228 100.36 -100.36 0 0  

 

Low risk area

0.5 0.5 0.5 3 19.162 5.1772 -5.9405 20.719
0.9249 0.24987 -0.2867 6.959 22.136 8.8517 -8.271 25.234 -25.055 99.2 -3.9592
0.8772 0.35079 -0.3278 6.298 28.429 17.136 -16.889 37.244 -36.486 -24.139 0.6616
0.7633 0.46011 -0.4535 6.238 30.701 14.939 -14.72 37.18 -36.983 -2.2086 0.0597
0.8257 0.40179 -0.3959 6.215 28.977 15.277 -14.961 36.013 -35.989 -0.8163 0.0227
0.8046 0.42422 -0.4154 6.213 29.51 15.072 -14.806 36.294 -36.29 -0.087 0.0024
0.8131 0.41529 -0.408 6.212 29.281 15.131 -14.843 36.148 -36.147 -0.015 0.0004

0.81 0.41859 -0.4106 6.212 29.362 15.107 -14.828 36.197 -36.197 -0.0019 5E-05  
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Abbreviations: 

alfa dp = sensitivity factor for difference in air pressure, α¨S 
alfa C  = sensitivity factor for radon concentration in soil air, αCmax 
alfa f  = sensitivity factor for concrete compression strength, αfcm 
beta  = safety index β 
dg/dZdp = differentiating g(Z) with respect to Z¨S 
dg/dZC = differentiating g(Z) with respect to ZCmax 
dg/dZf = differentiating g(Z) with respect to Zfcm 
norm.length = distance from design point to origin 
dg/dbeta = differentiating g(Z) with respect to safety index β 
g(beta) = limit state surface in the normalised z-coordinate system 
g(beta)/delta = second term in Newton-Raphson method 


