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ABSTRACT

Lifetime Engineering (or Life Cycle Engineering) is a technical approach for meeting the
current objective of sustainable development. The approach is aimed to turn today’s reactive
and short-term design, management and maintenance planning towards an optimised and
long-term technical approach. The life cycle based management and maintenance planning
approach includes condition assessment, predictive modelling of performance changes,
maintenance, repair and refurbishment planning and decisions. The Life Cycle Management
System (LMS) is a predictive and generic life cycle based management system aimed to
support all types of decision making and planning of optimal maintenance, repair and
refurbishment activities of any constructed works. The system takes into account a number of
aspects in sustainable and conscious development such as human requirements, life cycle
economy, life cycle ecology and cultural requirements. The LMS is a system by which the
complete system or parts thereof, works in co-operation or as a complement to existing
business support systems. The system is module based where each module represents a sub-
process within the maintenance management process. The scope of this thesis is focused on
development and adaptation of the predictive characteristic of LMS towards a presumptive
user. The objective is to develop and adapt a Service Life Performance Analysis module
applicable for condition based Facility Management System in general and for condition
based Bridge Management System in particular. Emphasis is placed on development and
adaptation of a conditional probability based Service Life Performance Analysis model in
which degradation models and Markov chains play a decisive role. The thesis deals also with
development and adaptation of environmental exposure data recording and processing, with
special emphasis on quantitative environmental classification in order to provide a simplified
method of Service Life Performance Analysis.

Keywords: Life Cycle Management System, Maintenance, Predictability, Service Life
Performance Analysis
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SAMMANFATTNING

Lifetime Engineering (eller Life Cycle Engineering) är ett tekniskt tillvägagångssätt för att
möta dagens krav på hållbar utveckling. Tillvägagångssättet syftar till att byta ut den reaktiva
och kortsiktiga förvaltningen och underhållsplaneringen mot en optimerad och långsiktig
planeringssynsätt. Det livscykelbaserade förvaltnings och underhållsplaneringssynsättet
inkluderar tillståndsbedömning, modellering av framtida egenskapsförändringar och planering
av framtida underhålls- och reparationsbehov. LMS är ett prediktivt och generiskt
livscykelbaserat förvaltningssystem med syfte att stödja all beslutsfattande och planering
kring underhåll och reparationer av vilket byggnadsverk som helst. Systemet tar hänsyn till en
rad aspekter inom hållbar utveckling, såsom mänskliga krav, livscykelekonomi,
livscykelekologi och kulturella krav. LMS är ett system där hela systemet, eller del därav,
fungerar tillsammans med, eller som ett komplement till existerande verksamhetsstödjande
system. LMS är uppbyggt av moduler där varje modul innehåller en del av den totala
underhållsprocessen. Den här avhandlingen omfattar utveckling och anpassning av den
prediktiva funktionen av LMS mot en presumtiv användare. Målet är att utveckla och anpassa
en livslängdsprestandaanalysmodell tillämpbar på tillståndsbaserade förvaltningssystem i
allmänhet och på broförvaltningssystem i synnerhet. Tonvikten i avhandlingen ligger på
utveckling och anpassning av en tillståndssannolikhetsbaserad livslängdsprestandamodell där
nedbrytningsmodeller och Markov-kedjor utgör en viktig del. Avhandlingen omfattar även
utveckling och anpassning av hanteringen av miljöexponeringsdata där tonvikten är lagd på
kvantitativ klassificering av den nedbrytande miljön.   
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1 INTRODUCTION

1.1 The construction market and sustainable development 
Ever since recognising that our current mode of life is beyond what our earth is capable of
supporting, the concept sustainable development has been a desired mission to fulfil in order
to preserve mother earth for future generations. The term “sustainable development” was
introduced and defined in the Brundtland Report (WCED, 1987) as:

“…development that meets the needs of the present without compromising the
ability of future generations to meet their own needs.” 

The concept is widely spread all over the world and there is a consensus of its importance for
future development. Simultaneously, the term “sustainable development” is interpreted
differently world wide and the priorities are different due to several factors such as the
economical situations, level of urbanisation and historic and cultural context etc (Bourdeau,
1999, Sjöström, 2001). One meaning of the concept is about making use of material and
energy more efficient. As a measure of this, the factor-10-concept can be mentioned, which
was developed by researchers at the Wuppertal institution, which means that the developed
countries have to reduce their use of natural resources by a factor 10 in order to meet the goal
of sustainable development. 

The construction sector is the largest consumer of raw material (John et. al., 2002) and it is a
great energy consumer. For example, the buildings within the European Union (EU) consume
40 % of the total energy, are responsible for 30 % of the CO2 emissions and generate
approximately 40 % of all man-made waste (Patermann, 1999, Sjöström & Bakens, 1999). As
much as 85 % of the energy is consumed during the use phase of a single-family house under
Swedish conditions (Burström, 2001). Since the sector is probably the largest industrial sector
within the EU, employing some 30 million people and contributes about 10-12 % of the Gross
National Product (GNP) to the economy (Patermann, 1999), the sector has a great influence
on the society and in the pursuit of sustainable development. The importance of the sector and
the special issues therein has promoted a development of the concept of sustainable
development. This developed concept, adapted for the construction sector, is called
sustainable construction and is seen as a way for the building industry to meet the demands of
sustainable development (Bourdeau, 1999).

1.2 The European Union and the construction product directive 
EU emphasises the importance of sustainable development and sustainable construction by an
increased focus on sustainability in its Action Plans and Framework programmes. For
instance, the EU has spent millions of Euros on the Research and Development (R&D) of life
cycle based maintenance management systems for buildings and infrastructures. Maybe the
clearest evidence of the EU’s ambition for sustainable development and sustainable
construction is found in the European Construction Products Directive (CPD). Although the
main objective of the CPD is to remove technical trading barriers by the harmonisation of
codes, regulations and standards, the directive proves the importance of sustainable
development in a number of passages, for example (EU, 1988):

“The essential requirements applicable to works which may influence the
technical characteristic of a product are set out in terms of objectives in Annex
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I. One, some or all of these requirements may apply; they shall be satisfied
during an economically reasonable working life”

Furthermore, in Annex 1 of the CPD, normal maintenance is taken into consideration
regarding the demand of essential requirements to be met during an economically reasonable
working life and is reformulated as: 

“…Such requirements must, subject to normal maintenance, be satisfied for an
economically reasonable working life”

In the Interpretative Documents (ID’s), paragraph 1.3, “Meaning of the general terms in the
Interpretative Documents”, the term “Economically reasonable working life” is defined as
EU, 2002): 

“The working life is the period of time during which the performance of the
works will be maintained at a level compatible with the fulfilment of the
essential requirements”

“An economically reasonable working life presumes that all relevant aspects
are taken into account, such as:
- costs of design, construction and use;
- costs arising from hindrance of use;
- risks and consequences of failure of the works during its working life and costs
of insurance covering these risks;
- planned partial renewal;
- costs of inspections, maintenance, care and repair;
- costs of operation and administration;
- disposal;
- environmental aspects”

The concept sustainable construction does thus not only concern the design and construction
phases, but also concerns the use phase and all the construction related activities therein.
Important issues, such as costs of maintenance, care, repair, operation, administration etc., are
to be taken into consideration when implementing the CPD and similar world-wide directives
in order to meet the demand of sustainable construction. Some of the technical and R&D
recommendations for introducing sustainability into the construction sector, concluded in CIB
W82 project, were concentrated on development of adapted tools to help designers
introducing sustainable decision making (Bourdeau, 1999). In general, implementation of the
CPD and sustainable construction requires development of standards, assessment methods,
Information and Communication Technology (ICT) systems, extensive data gathering and
national adaptation (Paper I). 

1.3 Facility Management Systems
The essence of Facility Management (FM) is to plan and organise the use and maintenance of
buildings (Svensson, 1998). Modern FM aims to support the core business, see table 1, and
should add value to the core business rather than being a cost. 
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Table 1. Example of core business (Svensson, 1998)
Type of organisation Core business
Housing company Provide tenants with suitable housing
Hotel Provide accommodation including catering
Hospital Provide health-care services
Property company Develop and manage its portfolios to maximise the return on its

capital
University Carry out research and provide professional education

Maintenance, which is an important FM function, is often seen as a necessary cost that does
not add value to the core business. The maintenance activities disturb more or less the core
business, which is a source of irritation that increases due to the often relative short-term
planning. In order to keep the maintenance as cost-effective as possible and improve the long-
term planning, there is a need for systems that are capable of managing large amount of
information. Furthermore, data analyses are too onerous to be managed without computerised
systems (Shepard, 2005). There are a number of facility management systems (FMS) dealing
with maintenance management available today. In bridge management there are a number of
systems dealing with maintenance management. Some examples of these, so-called, bridge
management systems (BMS) are PONTIS, DANBRO, BaTMan, BridgeMan and the Spanish
BMS developed by GEOCISA (REHABCON 2004). However, these BMS seem to lack
predictive functions that are capable of handling changes of performance over time of
constructed works. There seems also to be a lack of superior systems that give the controlling
parameters and signals of the capital value development (Vegkapital-Litteraturundersökelse,
2003). 
 

1.4 The Lifecon LMS 
The focus and need of R&D on methods, systems and tools, in order to meet the demand of
sustainable construction, has resulted in the completion of three consecutive EU-projects that
focused on sustainable maintenance management. The aim of the three projects Wood Asses
(Haagenrud et. al., 1999), MMWood (Haagenrud et. al., 2001) and Lifecon (Sarja, 2004) has
been to develop methods, systems and tools for systematic maintenance management. The
newly developed Life cycle Management System (LMS) is a result of these three projects.
The LMS is a predictive and generic life cycle based management system aimed to support all
types of decision making and planning of optimal maintenance, repair and refurbishment
(MR&R) activities of any constructed works. The system takes into account a number of
aspects in sustainable and conscious development such as human requirements, life cycle
economy, life cycle ecology and cultural requirements (Sarja, 2004). The Lifecon LMS was
initially developed as a European model for predictive maintenance management of concrete
infrastructures, where the general objective was to contribute to the development of FM and
change the traditional reactive management approach into an open, predictive and integrated
life cycle based approach. 

There are three main novelties in the LMS (Sarja, 2004). 

 Predictive characteristic: The LMS includes integrated performance analysis functions
that are capable of predicting the functional and performance quality of a structure and its
components. 
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 Integration: Aspects of sustainable development such as human requirements, life cycle
economy, life cycle ecology and cultural requirements are included in MR&R planning,
design and execution process

 Openness: Freedom to apply the LMS into specific applications using selected modules
and freedom to select methods developed within or outside the system.

The LMS is a system by which the complete system or parts thereof, works in co-operation or
as a complement to existing business support systems. The system is module based where
each module represents a sub-process within the maintenance management process. Figure 1
shows the structure of LMS and its connection to other business support systems. 

Figure 1. Structure of the module based LMS

The inventory registration module includes systematic division and registration of constructed
works. The condition survey module includes systematic registration of condition. The
module includes guidelines and protocols for systematic condition assessment and survey.
The Service Life Performance Analysis (SLPA) module is the “heart” of the predictive LMS
and contains degradation models utilising the information from the inventory registration
module and the condition survey module. The maintenance analysis module includes
systematic analysis of different MR&R alternatives. The module utilises the predictive
functions of the SLPA module in order to evaluate the efficiency of the MR&R alternatives.
The maintenance optimisation module contains models for optimisation of MR&R actions.
The models take into account a number of aspects such as Life Cycle Cost (LCC) and Life
Cycle Ecology (LCE). The module is heavily attached to the maintenance analysis module.
The final module within the LMS is the maintenance-planning module. This module serves to
establish optimised and long-term plans of MR&R actions.   

Implementation of the LMS into an organisation and its activities requires adaptation of the
system. This means that the complete system and/or parts of the system are to be adapted
towards a presumptive user in order to suite its needs and requirements. This measure
includes adaptation of systematic models and design of each module in question. The key
aspects controlling the extent of development and adaptation are: 

 Size and type of organisation
 Type of constructed works 
 Strategy and policy of the organisation
 The desirable degree of detail and predictability 
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 Available information/data
 Existing systems
 Knowledge and competence of the organisation
 Legislation and regulations
 Standards

1.5 Scope and objectives
The openness of LMS, i.e. the freedom to apply the system to any specific application,
requires development and adaptation of the system in order to meet the user needs and
requirements. This generally considers development and adaptation of systems for input data
recording and handling, development and adaptation of SLPA models, and development of
MR&R analysis and optimisation methods. The scope of this thesis is focused on
development and adaptation of the predictive characteristic of LMS towards a presumptive
user. The objective is to develop and adapt a SLPA module applicable for condition based
FMS in general and for condition based BMS in particular. The thesis deals with development
and adaptation of a conditional probability based SLPA model in which degradation models
play a decisive role. The thesis deals also with development and adaptation of environmental
exposure data recording and processing, with special emphasis on quantitative environmental
classification in order to provide a simplified method of SLPA.

1.6 Papers
The thesis includes three papers, each discussing the issues of LMS, service life performance
analysis and integration of environmental characterisation and classification in bridge
management systems. 

Paper I
Haagenrud, S.E., Krigsvoll, G., Gussiås, A., Sjöström, C. and Hallberg, D. (2004) Life Cycle
Management of built Environment – an ICT based concept and some cases, Proceedings from
CIB World Building Congress, Toronto, Canada, May 2-7, 2004

The paper gives a general description of LMS, with focus on implementation and need of
adaptation towards a presumptive user. The paper presents two examples of implementation.
The first case is an implementation of the LMS to meet the needs and requirements of the
Oslo municipality, Boligbedriften (BOB). The second case is from the Lifecon project where
a developed system for environmental characterisation and classification is applied on a
bridge.

Paper II
Hallberg, D. (2005) Quantification of exposure classes in The European Standard EN 206-1,
Proceedings from the 10th International Conference on Durability of Buildings Materials and
Components, 10DBMC, Lyon, France, April 17-20, 2005 

Further development of a system for environmental characterisation and classification in LMS
is discussed in this paper. Emphasis is placed on quantitative classification of the degradation
environment. The paper presents a proposal where the exposure classes in the European
standard EN 206-1 are developed into quantitative exposure classes. The study is focused on
the carbonation of concrete.
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Paper III
Hallberg, D. and Racutanu, G. (2005) Development of the Swedish Bridge Management
System by introducing a LMS concept, submitted for publication in Materials and Structures,
June 2005

The need for adaptation of LMS towards a presumptive user is further discussed in this paper.
The paper presents a conditional probability based SLPA model, which is basically based on a
Markov chain model and the MEDIC method. The paper describes how degradation functions
are applied in the model and how quantitative classification of environmental data function as
search criteria in inspection data analysis. 

2 LIFE CYCLE BASED MAINTENANCE MANAGEMENT 

2.1  Maintenance, repair and refurbishment
Constructed works are expected to be in service for a long time. According to the Guidance
document 002 (EOTA, 1999) the working life, or service life, as defined in the international
standard ISO 15686-1 (2000), of constructed works, is assumed to be at least 50 years
considering normal maintenance. According to the Swedish Planning and Building Act (PBL)
the exterior parts of buildings shall be kept in good condition during its service life (PBL,
1987). Maintenance shall be adapted to the building, taking its historical, cultural,
environmental and esthetical value in consideration. The maintenance of the building shall
also be adapted based on the characteristic of the surroundings. In the Swedish Building
Regulations (BBR) (BBR, 2002) it is stipulated that before a building or part of a building is
put into service, written instructions, specifying how and when commissioning and testing,
and attendance and maintenance shall be carried out, must be available. The general
recommendation connected to this passage of BBR is that plans for regular maintenance
should cover at least 30 years.

Maintenance is defined, according to Standard ISO 15686-1, as:

“Combination of all technical and associated administrative actions during
service life to retain a building or its parts in a state in which it can perform its
required functions”  

If no maintenance is performed, the building and its components will degrade until failure, i.e.
until the performance requirements are not met. The building and its components are also
subject to sudden damages due to accidents, hazardous weather etc. Such damages are
impossible to predict, but is still an issue to take into account in maintenance management. To
restore the lost performance, repair is needed. Repair is defined, according to Standard ISO
15686-1, as:

“Return of a building or its parts to an acceptable condition by renewal,
replacement or mending of worn, damaged or degraded parts”

Performance requirements may change due to political decisions, new demands from users
etc. In order to meet the new requirements the building or its parts has to be refurbished or
replaced. For example, the demands on Swedish bridges have been increased during the past
years. These increased demands mainly address issues of bearing capacity and traffic flow.
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Traffic has become more intense and trucks have become wider, longer and higher. This has
resulted in changes in the regulations (Racutanu, 2000). As a result of this, many bridges have
been refurbished or even replaced in order to meet the new demands. Refurbishment is
defined by ISO 15686-1 as: 

“Modification and improvements to an existing building or its parts to bring it
up to an acceptable condition”

The three types of maintenance management actions recovering the capital value of
constructed works are presented in figure 2.

Figure 2.  Maintenance, repair and refurbishment activities during the service life of
constructed works

2.2 Maintenance planning and strategy
Maintenance is an intermittent process in FM, where the type of maintenance depends on the
maintenance strategy, i.e. what, when and how to maintain a building and its parts. There are
several maintenance management strategies to mention. Horner et al (1997) divided the
maintenance activities into three strategies:

 Corrective
 Preventive
 Condition-based   

Each of them has its advantages and disadvantages. The corrective maintenance strategy often
includes simple actions that take place when there is a failure. However, the strategy involves
a number of disadvantages. The consequences of failure may be devastating due to safety
aspects, economical aspects etc. The preventive maintenance strategy includes a number of
advantages compared to the corrective maintenance strategy. The preventive maintenance is
performed well in advance of failure in order to avoid or minimise the risk of devastating
consequences. This strategy has also disadvantages that mainly refer to unnecessary and
inefficient maintenance. The third strategy, condition-based maintenance strategy, is a



8  

concept where the maintenance is based on the prevailing condition. The strategy requires,
however, that the actual condition is determined, which in turn requires system and tools for
assessing and monitoring the change of performance. The condition assessment and
monitoring are based on visual inspections and measurements. 

2.3 Life cycle based and predictive maintenance management 
Lifetime Engineering (or Life Cycle Engineering) is a technical approach for meeting the
current objective of sustainable development. The approach is aimed to turn today’s reactive
and short-term design, management and maintenance planning towards an optimised and
long-term technical approach (Sarja, 2004). The life cycle based management and
maintenance planning approach includes condition assessment, predictive modelling of
performance changes, MR&R planning and decisions. By predictive means, the future
condition and maintenance need is determined in early stages. This type of approach promotes
“long-term thinking” and contributes to sustainable construction. However, long-term
planning and optimisation of MR&R actions are activities that require systematic maintenance
managing of constructed works during the whole service life, which in turn require methods,
systems and tools that take the service life aspect into consideration.      

2.4 The Swedish bridge management 
The Swedish parliament has stated an overall objective of transport policy, which the Swedish
Road Administration (SRA) is given the responsibility to meet. The transport policy objective
is (MIEC, 2003):

“…to ensure an economically efficient, sustainable transport system for citizens
and business throughout the country.”

The overall objective is divided into six sub-goals:

 An accessible transport system
 High-quality transport
 Safe transport
 A good environment
 Positive regional development
 A transport system that serves the interests of women and men equally

The overall objective and the six sub-goals are to be met during the service life of the road
network, including the bridges within it. SRA has, however, three definitions of the term
service life (SRA, 2004):

 Functional service life
 Economical service life 
 Technical service life

The functional service life is the time during which the road link, within the same location, is
intended to be in use. The economical service life is the time during which it is economical
justifiable to use the structure or parts thereof. The technical service life is defined similar to
the working life in the CPD document, i.e. the period of time during which the performance of
the works will be maintained at a level compatible with the fulfilment of the essential
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requirements. The technical service life, considering normal maintenance, of bridges varies
between 40 and 150 years depending on the type of structure (SRA, 2004).

The bridge management aims to ensure that the objectives of the transport policy are met
during the service life. To manage this, information about the bridges is required. Ever since
the nationalisation of the Swedish road network in 1944, information about the bridges and
their conditions has been gathered and filed. Today the bridge management process
encompasses activities such as inspections, planning, production and follow-up, see figure 3
(SRA, 1996a). A more specific description of the process is presented in paper III.
 

Figure 3. The process of the Swedish bridge management (SRA, 1996a)

To conclude, the Swedish bridge management process is based on a typical condition-based
maintenance strategy where the key-activities of the bridge management process are
inspections and technical investigations. 

3 MANAGEMENT OF PREDICTABILITY IN FACILITY MANAGEMENT
SYSTEMS

3.1 Durability, degradation and performance requirements
Service life is an essential issue in predictive maintenance management and life cycle
concepts. Service life is dependent on changes in performance and changes in performance
requirements. A change in physical performance of a material or a component is due to
degradation, sudden damages or redesign. Degradation is a process that is induced and driven
by a degradation mechanism, which in turn is a chemical, mechanical or physical path of
reactions in which material resistance and environmental loads are involved, see figure 4.

Figure 4. Principle of degradation, material resistance and environmental load
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Degradation is defined in ISO 15686-1 as: 

“changes over time in composition, microstructure and properties of a
component or material which reduce its performance”

A change of the environmental load or the material resistance will change the rate of
degradation. If the environmental load increases, the degradation rate would probably increase
and if the environmental load decreases, the degradation rate would probably decrease.
Irrespective of the magnitude of the degradation rate, the degradation process will affect the
performance prejudicially, i.e. the performance of a material or a product will become worse
during the time unless any improvements are undertaken. Performance is defined as (ISO,
2000): 

“qualitative level of a critical property at any point of time considered”

In accordance to the definition of the service life term, a performance requirement must be set
to be able to determine service life. Performance requirement is defined as (ISO, 2000):

“minimum acceptable level of a critical property”

Performances and the corresponding requirements are of different types and of different
purposes. The CPD, for example, includes six essential requirements of which one or several
of the requirements are to be met during the service life of the constructed work. The essential
requirements are of different topics, such as: 

 Mechanical resistance and stability
 Safety in case of fire
 Hygiene, health and the environment
 Safety in use
 Protection against noise
 Energy economy and heat retention

Marteinsson (2005) mentioned four overall categories of requirements: Technical,
economical, functional and social requirements. Empirical studies made by Aikivuori (1999)
showed, however, that only 17 % of the refurbishment was initiated primarily by degradation.
As much as 44 % of the refurbishment was initiated primarily by subjective features of
decision-makers. Service life due to degradation (technical/physical aspects) is, despite the
complexity of the degradation mechanism, probably easier to predict and estimate than
obsolescence or changes in use, which is often due to subjective factors such as political
decisions, user needs etc. 

3.2 Performance and performance requirements of Swedish bridges
The essential parts in the condition-based Swedish bridge management process are
inspections and technical investigations. The aim of the inspections is to gather information
about the physical and functional condition (performance) of the bridge and its elements, a
prerequisite when identifying and planning the needed MR&R action. The technical
investigation aims to determine the load bearing capacity and the durability of the bridge and
its components. The two activities are described in figure 5.
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Figure 5. The process of inspections and technical investigations (SRA, 1996a)

Swedish bridge management includes several types of inspections. In general these are
divided into two main groups, regular and special inspections. In more detail, the inspection
consists of five inspection types for which each of them have their own aim, scope and
frequency. The inspection types are (SRA, 1996b):

 Regular
 Superficial
 General
 Major
 Special

 
The regular, superficial and general inspections include visual inspections, while the major
and special inspections include visual inspection as well as measurements. Which
measurement method to be used depends on the type of damage, structural element, material
and other considerations that are of importance to the choice of method (SRA, 1996a). 
The handbook of instructions for measurements and condition assessment (SRA, 1996a) also
includes maximum values of which the assessment of condition classes is based on.
The assessment of condition classes serves to evaluate to what extent the functional
requirements is met. 

The condition rating system goes from 0 to 3 (SRA, 1996a).

0 = defective function beyond a span of 10 years
1 = defective function within 10 years
2 = defective function within 3 years
3 = defective function at the time of inspection

The assessment of condition classes requires knowledge about the degradation process. The
functional condition should not be related to the functional service life.  

3.3 Service life performance analysis and degradation models
Analysis of service life performance of a building and its component is essential in a
predictive life cycle based maintenance management system. The aim of the analysis is to
determine the future performance and determine the residual service life. The analysis is
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based on estimated Performance-Over-Time (PoT) profiles, which in turn are based on
different degradation models. The PoT profiles constitute the basics for further analysis of the
need of MR&R actions and their effect on the long-term performance of the object. There are
a number of different degradation models and SLPA approaches.  Sarja and Vesikari (1996)
used the term durability models as an overall term for degradation models, performance
models, service life models and structural level models. They also divided the durability
models into deterministic and stochastic models. Van Noortwijk and Frangopol (2004)
described and compared four types of deterioration and maintenance models for civil
infrastructures. The four models discussed were based on the failure rate function, Markov
model, Stochastic process and time-dependent reliability index. Thoft-Christensen (1998)
discussed calculation of reliability profiles in order to describe the future performance of a
structure. Within the Lifecon project, Lay et al (2003) discussed the application of
degradation models on a semi-probabilistic and full-probabilistic level.

3.3.1 Dose-response functions
Corrosion, which is one of several degradation phenomena that appear on constructed works,
can mathematically be expressed as a power function of degradation factors and elapsed time
(Haagenrud, 1997):

btaM ⋅=  (1)

M is the corrosion rate at time t, a is a rate constant referring to degradation agents, and b is a
power exponent governed by a diffusion process. 

This simplified expression is defined as a dose-response function. For unsheltered exposure,
which is the case for many of the materials of a constructed work, the dose-response function
is divided into two parts. One part of the exposure includes wet deposition; the other part
includes dry deposition (Tidblad & Kucera, 2003).  

m
wet

k
dry tftfK ⋅+⋅= (2)

K is the corrosion rate, fdry and fwet is the dry deposition term and the wet deposition term
respectively, t is the time and k and m are estimated constants. 

Today there exists a number of dose-response functions for a couple of material families.
Henriksen (2004) has compiled a number of functions related to metals, alloys and rocks.
Two of them are presented in paper III. It is important to mention that dose-response
functions are not directly suitable for service life performance analysis because there is no
direct link between the response and loss of performance. By adding a performance
requirement, the dose-response function will be valid as a performance over time function,
and thus, suitable in service life performance analysis (Haagenrud, 1997).

3.3.2 Degradation models of concrete
Concrete is one of the most common building materials in the world. The material has been
known as strong and durable and it is used in several types of constructions. Nevertheless, the
picture of concrete as a durable material has been disturbed, since damages related to
degradation on concrete structures have appeared earlier than expected. The fact that concrete
has a limited service life has taken many people by surprise. The research on durability of
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concrete has been going on for a couple of decades. The extensive research has increased the
standard of attainments and today there are a number of models available that mathematically
describe the degradation of concrete. 

In general, there are three main types of degradation mechanisms that could act on concrete:
chemical, mechanical or physical (Neville, 1995). The chemical mechanisms are related to
alkali-silica and alkali-carbonate reactions, and external chemical substances such as
aggressive ions, carbon dioxide and industrial liquids and gases. The mechanical mechanisms
are related to impact, abrasion, erosion or cavitations. The physical mechanisms are related to
high temperature and temperature differences such as freeze/thaw attacks. Quite often these
mechanisms act in a synergistic manner and it is quite unusual that degradation of concrete is
due to just one single cause. Figure 6 shows different degradation mechanism related to
concrete deterioration.

Figure 6. Degradation mechanisms due to concrete deterioration (Lay et al, 2003)

Almost all types of concrete structures include some kind of reinforcement. The
reinforcement is also exposed to degradation mechanisms, such as corrosion. Corrosion of
reinforcement is often induced by carbonation and chloride ingress. Figure 7 shows the
different degradation mechanisms that affect the corrosion of reinforcement. 

Figure 7. Different degradation mechanisms that affect the corrosion of reinforcement
(Lay et al, 2003)
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In general, corrosion of reinforcement in concrete structures includes two partial processes; 1)
the initiation phase and 2) the propagation phase, see figure 8. The time during which the
chemical conditions around the reinforcement changes to be considerably corrosive is defined
as the initiation phase. 

Figure 8. Initiation phase and propagation phase (Tuutti, 1982)

At the beginning of the propagation phase the corrosion is established. During the propagation
phase, the corrosion advances until the corrosive condition ceases. If the propagation phase
continues, it might result in severe damages and a decreased load bearing capacity of the
concrete structure. At this point the decision maker is put in a precarious situation where the
MR&R actions could be very costly and complicated. 

3.3.3 Reliability and probabilistic based models 
According to Van Noortwijk and Frangopol (2004) reliability-based deterioration and
maintenance models will be represented in the future generation of management systems.
These models take into account the reliability aspect of service life performance assessment,
where the reliability of the component or structure is defined as the difference between
material resistance (R) and environmental loading (S) and is comparable to load design. The
probability of failure is defined as (CEB, 1997):

ettf PSRPP arg}0){( <<−= (3)
 
As an example, the models for corrosion induced by carbonation (4, 5) and chloride ingress
(6, 7), presented by Gehlen (2000) and used in the Lifecon project, are defined as follows:
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{ } ettcritf ptxCCpp arg0),( <<−= (7)

In general the following information is required to apply the probabilistic concept into service
life assessment (Lay et al, 2003):

 Time dependent deterioration model
 Statistically quantified time and site dependent loads
 Statistically quantified material resistance
 Relevant limit states i.e. unwanted condition needs to be identified
 Acceptable failure probability 

Time dependent deterioration models, such as those presented above, exist for a number of
materials categories and are continuously under development. Statistically quantified material
resistance data is to be derived from laboratory- and field tests for each material type. The
limit states for different constructed works are to be extracted from designed values, e.g. load
bearing capacity, based on appropriate codes and guidelines. The limit states have to be
related to the performance criteria of a component. Often, the limit states have to be translated
into measurable values. An example of this is the loss of load bearing capacity due to
corrosion of reinforcement. Here the limit state, expressed as the minimum load bearing
capacity, has to be translated into loss of material (loss in diameter) in the reinforcement due
to corrosion. Acceptable failure probability is dependent on what is set at risk, e.g. human
lives or economic losses. If human lives are threatened or the economic losses are expected to
be very high, the acceptable failure probability has to be set very low (CEB, 1997). 

3.4 Environmental characterisation and classification
The degradation of a building and its components is driven by the prevailing degradation
mechanism, which in turn is a result of the very near surrounding environment and its
influence on the material. As stated earlier in this thesis, the rate of degradation depends on
the resistance of the material and the aggressiveness of the degradation environment. In order
to be able to estimate the degradation rate and establish PoT profiles, the degradation
environment has to be characterised. Characterisation of degradation environment includes
determination of the magnitude and variation of the degradation agents. An important fact is
that the characterisation of the degradation environment has to be related to the prevailing
degradation mechanism and the degradation model (Haagenrud, 1997). The degradation
agents, causing the degradation mechanisms, are divided into mechanical agents, chemical
agents, electromagnetic agents and biological agents (Haagenrud, 1997). Some of the
degradation agents are listed in table 2. 

Table 2. Division of degradation agents 
Mechanical Chemical Electromagnetic Biological
Snow, rain and water Water and moisture Solar radiation Fungi
Moisture (frost) Oxygen Infra-red radiation Bacteria
Temperature Ozone Ultraviolet radiation Insects
Wind Carbon dioxide Visible light
Wear and tear Sulphur dioxide Thermal radiation

Nitrogen pollutants
Acids
Chlorides
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In most cases the degradation agents act in a synergetic manner, where two or several agents
jointly cause degradation. In other cases the degradation agents have different influences on
the degradation mechanism during different phases of the degradation process. One example
is moisture and its influence on corrosion of reinforcement due to carbonation. In the first
phase, during the carbonation process, high moisture content in the air has a protecting or
retarding effect on the degradation process, while in the second phase, high moisture content
has a rather increasing effect on the degradation process. An example of how different
degradation agents influence each other is shown in figure 9.

Figure 9. Example of different degradation agents and their influences on each other
(Westberg, 2003) 

3.4.1 Transformation of environmental data
The degradation environment at the absolute proximity of the material surface is decisive for
the degradation process (Sjöström & Brandt, 1990). The environmental conditions within the
materials, such as porous materials, are also essential for the degradation process (DuraCrete,
1999). Environmental data on such levels are preferable but are, however, very rare. Since
measurements of micro level data are time consuming, resource absorbing and costly, other
methods of gathering environmental data is needed. Haagenrud (1997), Westberg (2003) and
the DuraCrete project (DuraCrete, 1999) discussed the possibilities of transforming
environmental data from the macro and meso level to the local and micro level. An exact
definition of the environmental levels does not exist. Nevertheless, Westberg (2003) used the
following definitions:

 Global level: great parts of or the entire world
 Macro level: climate zone or continent
 Meso level: terrain area or city
 Local level: block
 Micro level: surface of a building or component

Environmental data on macro and meso levels is quite common and is available in different
databases. A concept, where environmental data from different databases, with other purposes
than for degradation estimations, is used in different transformation models in order to
characterise the microenvironment, is presented in figure 10. 
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Figure 10. Schematic description of the transformation concept where the
transformation models are denoted f1, f2 and f3 (Westberg, 2003)

The environmental data on the micro level is unique since it is affected both by the
environment on the other levels and by the indoor environment (Westberg, 2003). The
connection between the environmental conditions at different levels and the response from the
structure is shown in figure 11. 

Figure 11. Environmental conditions and the response from the structure (DuraCrete,
1999)

Factors such as design, surface, orientation, topography etc. affect the microenvironment and
are to be considered in the transformation modelling. There are many transformation models
used for different purposes and of different complexity. Some of the models describe the
distribution and transformation of climatic factors and pollutants. Other models describe the
distribution and transformation of temperature and moisture from the structure (Westberg,
2003). Tools based on Computer Fluid Dynamics (CFD) technique are also possible to use.
Although the CFD technique requires careful modelling procedures and is computationally
demanding, the CFD technique using powerful computers is in continuous development.
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3.4.2 Geographic Information System
A useful tool for environmental data characterisation and gathering is the Geographic
Information System (GIS). GIS includes functions for registration, processing, storing,
analysis and presentation of geographic data. The data is often visualised in maps where
different layers consist of different information. The information is stored in databases and
can include information about the climate conditions, pollution etc. For visualisation and
processing of point-based data, such as meteorological observations and measurements of
pollution, there are tools that utilise different interpolation techniques. One of them is the
kriging technique. Tidblad and Kucera (2003) used the kriging technique when they presented
climate, pollution and corrosion maps of Sweden, see figure 12. Similar corrosion maps for
Australia, Philippines, Thailand and Germany were presented by Trinidad and Cole (CIB,
2000) and Anshelm et al (2000). 

Figure 12. Calculated zinc corrosion after 1 year of exposure (Tidblad & Kucera, 2003)

3.4.3 Environmental classification
The aim of environmental classification is to classify the environmental exposure relative to
its severity (Haagenrud, 1997). The classification provides basic data for rough assessment of
degradation rates and simplified predictions of service life as well as basic data when
establishing degradation functions based on inspection data. Environmental classification is
suitable as basic data for prediction of future needs of maintenance. There exists a number of
systems for quantitative classification of environmental loads. Both the EOTA and the ISO
15686-4 try to classify the exposure environment based on an overall experience of material
degradation (Haagenrud & Krigsvoll, 2003). The standard ISO 9223 includes systems for
quantitative classification of exposure environment in order to evaluate the corrosivity of
atmospheres (ISO, 1992a). The standard is a guideline including guidance for classification of
a number of degradation agents such as time of wetness (TOW), sulphur dioxide (SO2) and
airborne salinity (chlorides). In the EU the governing standard for concrete structures is the
European Standard EN 206-1 (SIS, 2001). The standard is a harmonised European standard
aimed for CE-marking of concrete. The ambition is to replace parts of the national regulations
by introducing this standard. The standard includes a number of qualitative exposure classes
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of which one or several classes match the environment in which the concrete is intended for.
Figure 13 shows how the classification system in the standard is applied on bridges exposed
to de-icing salts (SCA, 2002).

Figure 13. Exposure zones of a bridge in accordance to EN 206-1 (SCA, 2002)

Zone 1 includes a splash zone where corrosion and freeze/thaw attacks due to chlorides and
water saturation constitute the decisive degradation mechanisms. In zone 2 the same
degradation agents are present. However, their impact on the bridge and its surroundings is
different. The Swedish Concrete Association (SCA, 2002) presents also a similar division of
exposure zones for tunnels.

To be able to estimate the degradation rate and the service life, the classification system is to
be based on a quantitative classification system. Paper II presents a proposal for a quantitative
classification system based on EN 206-1.

4 DEVELOPMENT OF SERVICE LIFE PERFORMANCE ANALYSIS METHOD

4.1 Markov chain
The Markov chain methodology is a common approach in prediction of service life
performance and life cycle cost analysis. Five papers discuss the concept of Markov chain
applied in SLPA of bridges and other infrastructures. Abraham and Wirahadikusumah (1999)
discussed the use of the Markov chain approach in the development of prediction models for
sewerage. Jiang and Sinha (1989), Ansell et al (2001), Zhang et al (2003) and Corotis et al
(2005) discussed the use of the Markov chain approach applied to bridges. 

4.1.1 The basics of Markov chain in discrete time
A Markov chain is a discrete-time stochastic process with a Markov property, where the
prediction of the future condition is independent of the past given the present. Consider a
stochastic process with the discrete-time sequence {Xn}n∈N of random variables, represented
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within a finite discrete state space S, and where n represents the time steps within a time
period N. The sequence is a Markov process with Markov property if the conditional
distribution of Xn+1 only depends on Xn, i.e. the future of the process depends only on the
present and not the past. Mathematically the Markov property is expressed as: 

( ) SjjjNnjXjX nnnnnn ∈∧∈∀== +++ 0111 ,,, KP  (8)

The probability of the current state moving from one state to another or remaining in the same
state is defined by the transition probability matrix P. 
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For a homogenous Markov chain {Xn}n∈N, the initial state vector µ(0) and the known transition
matrix P, the state vector µ(n) is estimated according to, 

nn P)0()( µµ =  (10)

In order to estimate the value of the condition state E(X(n,P)), at time n, the state vector µ(n) is
multiplied by a condition-rating vector R, which refers to the condition rating scale, such as: 

( )( ) RPnXE n)(, µ= (11)

The condition-rating vector R is expressed as a column vector. 

A more detailed description of Markov chains and Markov properties is found in Isaacson and
Madsen (1976). 

4.1.2 The initial state vector 
There are two main factors that need to be known when establishing a discrete-time Markov
chain, the initial state vector µ(0) and the transition matrix P. In general, the initial state vector
describes the distribution of the initial condition classes. For new buildings and components
the initial state vector, based on a five-grade condition rating scale, is assumed to be: 

( )0,0,0,0,1)0( =µ (12)

Nevertheless, sometimes the initial condition does not coincide to the designed condition. If
so, then the initial state vector is not the same as shown in equation 12. The correct initial
state vector for new buildings can be identified at the final inspection of a new building or
component. In general, the state vector can be identified by condition assessment performed
during an inspection. Today, the condition assessment of a building or a component often
refers to only an assessed “mean” condition class, whereas it would be more convenient to
assess the distribution of the different condition classes. 
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4.1.3 The transition matrix
The transition matrix describes the probability of change in condition. In the case of
degradation, where it is assumed that the condition will get worse over time, the transition
matrix describes the probability of a condition state to either be in the same state or move to a
worse state. The crucial part is to define the transition matrix and find these probabilities.
Paper III describes a method where the transition matrix is determined based on a known
degradation function. The method is discussed by Jiang and Sinha (1989), Abraham and
Wirahadikusumah (1999) and Ansell (2001). Thompson and Johnson (2005) present a method
how to determine the transition matrix based on inspection data.     

Assume that a known degradation function is denoted Y(n), then    

( )( ) )(, nYPnXE ≅  (13)

where n is the time, P is the transition matrix.

The elements, pij, in the transition matrix, P, are determined numerically by an iterative
process such as the sum of the differences between the known degradation function Y(n) and
the Markov chain function E(X(n,P)) is minimised, see eq. 14. 
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where each transition matrix is valid in the respective time period N, see figure 14.

Figure 14. The transition matrixes are determined by the minimisation problem for each
time period Ni  
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This numerical minimisation routine is of the type trial and error. The way of solving the
problem is simple but quite time consuming and computationally demanding for small time
steps. Ansell (2001) suggested a more sophisticated method such as a Quasi-Newton method.
The disadvantage of such a method is that it may cause some convergence problems.   

 
4.2 Residual service life 
Information about the residual service life of buildings and building parts is of special interest
for optimal MR&R planning. Brandt et al (1999) developed a method called “Méthode
d’Evaluation de scénarios de Dégradation probables d’Investissements Correspondants
(MEDIC)” in order to assess the residual service life. The method builds upon the theories of
conditional probabilities and calculates the residual service life as a probability distribution.
The probability distribution of condition classes of a building or a building part could be
based on measurement data, inspection data or simulations, where the simulations are based
on the Markov chain model. Figure 15 shows a cumulative probability distribution of
condition classes based on simulations. 

Figure 15. Cumulative probability distribution of condition classes

The conditional probability space, Q = {0,1}, or “quality space” as defined by Brandt et al
(1999) describes the distribution of the condition classes at any time within the time period. A
building close to Q = 0 is of good quality while a building close to Q = 1 is of poor quality.
Assume that the condition class of a building or a building part q, q ∈ Q, at time t is known,
then it is possible to estimate the maximum, minimum and mean residual service life as
shown in figure 16.
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Figure 16. Minimum, maximum and mean residual service life 

The letter B, marked in figure 16, is the maximum possible “quality” limit of the building or
building part. If q ∈ {B,1}, then the conditional probabilities give:
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where CCi,t is condition class i at time t and i∈S. 

4.3 Service life performance analysis model
The aim of the developed SLPA model, presented in paper III and further discussed in this
thesis, is to set the scene for a uniform SLPA approach based on advanced degradation
functions as well as inspection data. The Markov chain model and the MEDIC method,
described in section 4.1 and 4.2 respectively, are used together to serve as a methodological
rectifier in order to provide uniform output data for further analysis of maintenance needs, see
figure 17. The model is developed to manage different kind of SLPA approaches on both
object level and network level. 



24  

Figure 17. Schematic description of the processes in the SLPA model

The model is open and can be applied on any type of constructed work with a conditional
based classification system. Paper III shows how the model is applied to a bridge management
system.  

5 SERVICE LIFE PERFORMANCE ANALYSIS

The performance of SLPA is restricted to the available information on material, product and
environmental characteristics, but also to user requirements. This section of the thesis presents
two approaches of SLPA with different degrees of detail applied to different material families.
The first approach is based on the international standard ISO 9223, where classification of the
degradation environment is essential. The analysis gives a broad picture of the future
performance of metals due to the atmospheric corrosivity and is appropriate on a network
level. The second approach is based on the SLPA model presented in section 4.3 and is
further discussed in paper III. 

5.1 Service life performance analysis of metals based on ISO 9223
The international standard ISO 9223 (ISO, 1992a) is used in this thesis in order to evaluate the
corrosivity of the atmosphere on carbon steel and zinc in Gävle. The evaluation process is
built on characterisation and classification of a number of essential environmental factors.
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Each step in evaluation process is presented. The data used in the evaluation process is based
on climatic data and pollution data from the Swedish Meteorological and Hydrological
Institute (SMHI).

5.1.1 Time of Wetness
The influence of moisture on the corrosion process is characterised by the Time of Wetness
(TOW). TOW is defined according to ISO 9223 as:

“…The length of time when the relative humidity is greater than 80 % at a
temperature greater than 0° C…”  

The characteristic TOW for Gävle is 3500 hours/year. This refers to TOW class τ4, grey-
marked in the upper right corner of figure 18.

Figure 18. Classification of corrosivity (ISO, 1992a)

5.1.2 Atmospheric pollution 
The data on sulphur dioxide (SO2) is based on the web-based MATCH-model by SMHI
(SMHI, 2003). Local sources are neglected. Airborne salinity data has not been available,
however, based on expertise, it is assumed that deposition of airborne salinity is low, i.e. < 15
mg/m2/day. The pollution data for Gävle is presented in table 3. 
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Table 3. Pollution data for Gävle (SMHI, 2003)
Pollution Concentration Pollution class
Sulphur dioxide (SO2) 0,4-0,6 µg/m3 P0

Airborne salinity < 15 mg/m2day S1

The pollution class P0 is grey-marked horizontally at the lower part of figure 18. The pollution
class S1 is grey-marked vertically in figure 18. 

5.1.3 Corrosivity class
Derivation of the corrosivity of the atmosphere is based on the environmental classification of
TOW and the pollution substances described above. The corrosivity class is defined as C3,
marked in figure 18.  The corrosivity class C3 is transformed into corrosion rates of carbon
steel and zinc. The corrosion rate during the first year of exposure is defined rcorr1. The
corrosion rate during the first year of exposure is also recalculated and presented as rcorr2. The
corrosion rate after 10 year of exposure, defined as rlin, is considered to be constant (ISO,
1992b). The corrosion rate, defined as rav, during the first 10 years is not constant. The
corrosion rate is, however, presented as average values. The result of the evaluation of the
corrosivity of the atmosphere is summarised in table 4. 

Table 4. Corrosion rates of carbon steel and zinc considering corrosivity class C3
Metal rcorr1 (g/m2a) rcorr2 (µg/a) rav (µm/a) rlin (µm/a)
Carbon steel 200 - 400 25 – 50 1.5 - 6 5 – 12
Zinc 5 - 15 0.7 – 2.1 0.5 - 2 0.5 – 2
 
Corrosion over time for carbon steel and zinc, based on the result in table 3, is presented in
figure 19 and 20.

Figure 19. Corrosion over time for carbon steel in corrosivity class C3
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Figure 20. Corrosion over time for zinc in corrosivity class C3

5.2 Service life performance analysis based on Markov chain model and MEDIC method
The following example shows the results form an application of the SLPA model to wooden
windows. The aim of the example is to show the model’s applicability on components and
materials other than those presented in paper III. In this case the basic data is taken from the
MOBAK study (Tolstoy et al, 1990). The data is processed and transformed into condition-
over-time functions. The result is presented in figure 21. 
 

Figure 21. Condition development of wooden windows

The condition rating system of the MOBAK study is based on a three-grade rating system
where 0 = intact, 1 = minor damages and 2 = repairs advisable. There are, however, many
other types of rating system. In this example, a five-grade rating system is used. Therefore the
condition-over-time function based on the MOBAK rating system is transformed into a five-
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grade rating system. The new function is applied to the Markov model described in section
4.1.3 and to the MEDIC method described in section 4.2. The result of the calculations,
assuming ten-year-old windows of condition class 3, is presented in figure 22.

Figure 22. Condition class distribution of windows in a north facade

In this case the residual service life is estimated to minimum 3 year, maximum 15 year and
mean 8 year. 

6 DISCUSSION AND CONCLUSIONS

The LMS and other similar predictive maintenance management systems are aimed to support
decision-makers and engineers in their effort to achieve a more effective and life cycle based
maintenance management. LMS is an open and integrative system, which has to be adapted
and developed in order to meet the needs and requirements of users, and where system
integration and organisational development are core issues. This process is to be geared and
governed by the user. The system includes management of inventory and inspection data, and
also functions for simulation for future performance and life cycle optimisation of
maintenance. These life cycle simulations require systems for characterisation and registration
of objects and their components. It is thus not enough to just characterise and register those
objects and components that are currently inspected, but the whole network of objects and
components are to be included. Characterisation includes design, material and environmental
aspects that may have influence on future conditions. The Swedish BMS is a well-developed
management system that includes systematic registration of the overriding information of
objects. The system lacks predictive functions for SLPA and systematic characterisation of
design, material and environmental parameters on a component level. The degradation
models, presented in this thesis, show some of the needed data and data format for simulation
of future performance. Although the material and environmental data is, in most cases,
available, there is a lack of registered data in the system. This in turn makes it difficult to use
the degradation models effectively. Nevertheless, it would be possible, by rather small means,
to develop the existing BMS into a system including systematic characterisation and
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registration of components, their design and material parameters and also the exposure
environment. The burdensome work will consist of collection and registration of the data. 

Development of degradation functions and models based on inspection data, as discussed in
paper III, may be an appropriate complement to existing degradation models. It should be
mentioned that many of the existing degradation models are only valid to certain conditions.
At this point it might be more convenient to base the SLPA on historical inspection data.
However, this study has found some difficulties in developing degradation models based on
inspection data. These difficulties are mainly due to data quality and lack of available
explanatory factors. For example, the inspection data may include incomplete information
about former maintenance actions, i.e. when, where and how the actions are performed. This
lack of information makes it difficult to describe the degradation properly. Thompson and
Johnson (2005) make similar conclusions when it comes to the development of degradation
models based on historical inspection data. Some of the data is also prone to subjective
assessment. Discussions with inspectors indicate that some assessments are influenced by the
budget restrictions. The type of condition rating scale, such as the one in the Swedish BMS,
where the condition classes refer to the residual service life rather than to the current
condition, is also an issue for discussion. The Swedish condition rating scale presupposes that
the inspector possess skills in assessing the residual service, which thus also includes
knowledge about degradation rates. A proper assessment of the residual service life could be
difficult without any supporting SLPA tool. To base the development of a degradation
function on such premises cause false description of degradation. Condition rating scales,
referring to the actual condition, are preferable. Furthermore, the lack of available material
and environmental data makes it difficult to develop inspection-data-based degradation
functions that include material and environmental explanatory factors. The possibilities of
developing degradation functions, including material and environmental explanatory factors,
are dependent on the characterisation and registration of objects. 

Whether the Markov chain method and the determination of transition probability matrix
based on advanced degradation models is appropriate or not, is a question for discussion. The
aim of the method is to provide a uniform conditional probability based expression of the
degradation. But is this necessary? Are there any possibilities to use different approaches
without time-wasting transformations? There is the reliability approach, which is preferable.
However, the reliability approach requires statistically quantified data on material resistances
and environmental loads. Such data is not always available.  

The information about residual service life is an essential outcome of the SLPA. This
information is an important input to MR&R analysis and optimisation. The MEDIC method
seems to be a simple method for calculation of the residual service life. However, the method
includes an interesting question. How does a given condition quality space for a certain
construction work or part thereof change over time? This is a subject for further
investigations. 

The utilisation of standards that include systematic characterisation and classification of
material and environmental properties has several benefits in SLPA. The standards are often
known to the user, which facilitates the use of the standard in SLPA. The standards are often
applied in the design phase; therefore information gained when using the standards is
appropriate in SLPA. An example of this is the European standard EN 206-1, which is used in
the design phase in order to determine the concrete composition. However, quantitative
characterisation and classification of material and environmental properties is a prerequisite
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for using the standards in SLPA. The international standard ISO 9223 includes quantitative
characterisation and classification of material and environmental properties, the European
standard EN 206-1 does not. Development of a quantitative environmental classification
system in EN206-1 is discussed in paper II. The use of the international standard ISO 9223
gives a very broad picture of the future performance of metals. The standard is, however,
simple to use and is appropriate on a network level and as a complement to dose-response
functions.

Characterisation of the degradation environment is essential in order to be able to use
degradation models and standards, such as ISO 9223. The characterisation is governed by the
acting degradation mechanisms and the applied degradation models. In the example,
presented in section 5.1, the characterisation of pollutants is partly based on data from the
MATCH-model of SMHI. The model gives an overriding picture of the deposition of a
number of pollutants. However, the deposition from local sources is not taken into account.
The impact from local sources is considerable and must be taken into consideration in order to
give a correct description of the degradation. The model does not take into account the dry
deposition of chlorides from the atmosphere. There is thus a need to develop and adapt
environmental data models for SLPA.  

7 RESEARCH AND DEVELOPMENT NEEDS AND FUTURE WORK

Long-term optimisation and planning of MR&R actions becomes more and more important.
The current reactive approach of maintenance management is therefore changing towards a
predictive approach where the knowledge of material property and degradation environment
is essential. This change of current reactive practice towards a predictive approach requires
systems that are capable of managing large amount of information of the constructed works,
their material properties and the degradation environment. The constructed works have to be
maintained during their whole service life, an activity for which the maintenance manager
organisation is responsible. The maintenance manager organisations are of different size, with
various funding and MR&R strategies. Some managers operate facility management systems,
in which they handle information about the constructed works, some do not. The change
towards a predictive approach requires generic systems, applicable to different maintenance
manager organisations with different MR&R strategies, managing different types of
constructed works. Generic is to be interpreted so that either the systems as a whole are
programmed to establish customised client versions, or that single part of the systems are
adapted to be incorporated with existing facility management systems in use by the clients.
The current LMS is a predictive and generic maintenance management system applicable for
any constructed works. The development of the LMS as a maintenance management system is
based on existing structures. In the last project the LMS was developed with specific regard to
concrete structures. At present there is an on-going project with the aim to develop a LMS
pilot for hospitals. The project will be completed in 2006. The LMS should be further
developed to a complete ICT-tool for service life planning and MR&R planning of any
constructed works, in operation from the beginning of the design process. Such a LMS
version would support the necessary quality assurance activities in the design process, while
offering a life cycle management assets to the facility manager when the construction work is
taken into operation. 
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The generic characteristic of LMS offers flexibility and adaptability, where the user needs and
requirements are met in every implementation and application of the system. The future work
will therefore include adaptation and development of the whole system or just some modules
of the system and the methodology and the systematic therein. The R&D needs should mainly
address:

 Further development of methodology and systems for data gathering and data recording 
 Systematic evaluation of MR&R performance
 Further R & D of existing degradation models as well as development and establishment

of new models 
 Further development of systems for characterisation of degradation environment,

including development of transformation models
 Further development of environmental classification systems including development of

existing standards, such as EN 206-1
 Development of LMS as a design and quality assurance supporting tool

Finally, the development of the Industry Foundation Classes (IFC) offers great possibilities
for effective communication between ITC tools. The future implementation of the IFC
standard into the LMS, will, above all, make the recording and handling of data more
effective, and thus save money to the user.
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