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COST- the acronym for European COoperation in the field of Scientific and Technical Research- is the 

oldest and widest European intergovernmental network for cooperation in research. Established by the 

Ministerial Conference in November 1971, COST is presently used by the scientific communities of 35 

European countries to cooperate in common research projects supported by national funds. 

 

The funds provided by COST - less than 1% of the total value of the projects - support the 

COST cooperation networks (COST Actions) through which, with only around €20 million per year, 

more than 30.000 European scientists are involved in research having a total value which exceeds €2 

billion per year. This is the financial worth of the European added value which COST achieves.   

 

A “bottom up approach” (the initiative of launching a COST Action comes from the European scientists 

themselves), “à la carte participation” (only countries interested in the Action participate), “equality of 

access” (participation is open also to the scientific communities of countries not belonging to the 

European Union) and “flexible structure” (easy implementation and light management of the research 

initiatives ) are the main characteristics of COST.  

 

As precursor of advanced multidisciplinary research COST has a very important role for the realisation of 

the European Research Area (ERA) anticipating and complementing the activities of the Framework 

Programmes, constituting a “bridge” towards the scientific communities of emerging countries,  

increasing the mobility of researchers across Europe and fostering the establishment of “Networks of 

Excellence” in many key scientific domains such as: Biomedicine and Molecular Biosciences; Food and 

Agriculture; Forests, their Products and Services; Materials, Physics and Nanosciences; Chemistry and 

Molecular Sciences and Technologies; Earth System Science and Environmental Management; 

Information and Communication Technologies; Transport and Urban Development; Individuals, Society, 

Culture and Health.  It covers basic and more applied research and also addresses issues of pre-normative 

nature or of societal importance. 
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The COST Action C25 "Sustainability of Constructions - Integrated Approach to Life-time 

Structural Engineering" is a network of scientists and researchers from 28 European countries 

and the EU Joint Research Centre in Ispra. It was established to promote science-based 

developments in sustainable construction in Europe through research on life-time structural 

engineering. The Action is in its fourth year of activity. 

 

The Action concentrates on R&D issues that are fundamental for sustainable construction 

processes and technologies. These include methods to assess environmental, social and 

economic impacts of construction activities; methods to analyse eco-efficiency of materials, 

components, buildings and infrastructures; methods to integrate research approaches from 

various disciplines; and methods of structural design that incorporate holistic understanding of 

safety, eco-efficiency and sustainability. 

 

The Action has organised three major events, an event every year, where the findings of joint 

efforts of the Members have been discussed and published: 

 
 1st Workshop in Lisbon, Portugal, on 13, 14 and 15 September 2007; 

 the Midterm Seminar in Dresden, Germany, on 6-7 October 2008; 

 International Workshop in Timisoara, Romania, on 23-24 October 2009. 

 

Some of the Action results were already applied through the dissemination of the life-time 

engineering approach to the sustainability issues in tasks carried out by C25 members. 

However, a short investigation of university syllabuses, completed by an add-hoc C25 group on 

educational issues, has shown clearly the need for a new approach in teaching structural 

engineers on sustainability issues. One of the important aspects in filling this gap is the training 

of young research students. So far, two very successful Training Schools were organised: 

 
 The first Training School was “The LCA Training School” and was organised for 16 

participants in Eindhoven, Netherlands, on 13-15 February 2008. The participants were 

mainly Early Stage Researchers from C25 who could learn and deepen their knowledge 

on the use of Life Cycle Analysis theories and tools; 

 
 The second Training School “Sustainability in structures and structural interventions: 

Improving the contemporary and historical urban habitat constructions within a 

sustainability and risk assessment framework” was held in Thessaloniki, Greece, on 17-

24 May 2009. It was jointly organised by C25 and C26 and the number of Early Stage 

Researchers was 40, from these two Actions. 

 

The third C25 Training School, organised under the theme “Sustainable Construction: A Life 

Cycle Approach in Structural Engineering”, aims at providing C25 and non-C25 Early Stage 

Researchers and PhD students with theories, tools and assignments to address sustainability in 

engineering and the life-cycle approach in structural engineering.  

 

The Training School is hosted by the Department of Building and Civil Engineering, Faculty 

for the Built Environment of the University of Malta and offers excellent opportunities for 

collaboration among the researchers.  

 

 

Foreword 
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The whole event consists of two complementary activities: 

 
 The International Early Stage Researchers Symposium, from the 23

rd
 of July till the 25

th
 

of July 2010; 

 The International Training School, from the 26
th
 of July till the 1

st
 of August 2010. 

 

The programme and the scientific content of the Malta Training School were prepared with the 

support of an international group of experts and were approved by the Management Committee 

of the COST Action C25. The group of experienced lecturers were selected to teach and 

supervise the group work during the school. 

 

The Training School has two main objectives: 

 
 First objective; the Training School is a project oriented school. This means that 

students will work in a group to solve assignments prepared to illustrate various aspects 

of design for sustainable construction. The work performed will be evaluated and then 

disseminated to the participants as the school outcome. 

 
 Second objective; The Training School will also serve as an important forum for the 

development of new ideas in the emerging field of Life Cycle Analysis in construction. 

 

This book of Lecture Notes includes most of the presentations of the Malta Training School 

lectures and is intended to assist the participating Early Stage Researchers in following the 

lectures. This is also an inspiration for the development of new ideas in the field of the life-cycle 

approach in structural engineering and construction. The lectures cover a number of emerging 

topics where new knowledge has already been achieved but also where further research is still 

needed, such as in the following areas: 

 
 Sustainable Construction and the Integrated Life Cycle Approach; 

 Criteria for Sustainable Building, Infrastructure and Bridges; 

 Eco-Efficiency & Sustainable Construction; 

 Life Cycle Analysis Methodologies and Tools; 

 Life Cycle Inventory Analysis of Structures; 

 Environment Product Declarations; 

 Durability Assessment of Materials and Structures; 

 Life-Time Structural Engineering; 

 Sustainable Technologies and Maintenance of Structures; 

 Design for Deconstruction, Demolition and Recycling; 

 Life Cycle Design Methodologies. 

 

This  publication  represents  one  more important  milestone in  the fulfilment of the 

main aims of the COST Action C25. The organisers of the Training School hope that this 

initiative will promote further the sustainability of construction industry and of the built 

environment. 

 

The Organisers would like to  thank all the participants who have contributed with their 

time, efforts, commitment and dedication to COST Action C25 and who made it possible to turn 

the Malta Training School into another outstanding event in the field of Sustainable 

Construction.  
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MALTA – Sustainable Construction 2010

Luís Bragança – C25 Chairman

University of Minho
Portugal

Presentation of COST Action C25

Sustainability of Constructions
Integrated Approach to Life-time Structural Enginee ring

University of Malta

COST Action C25 - Facts

• Start date: 12/12/2006

• End date: 11/12/2010

• 28 countries and 1 EU Joint Research Centre involved

• Since the beginning of the Action, 128 persons participated in at least one 
meeting, being:

– 108 persons members that participate regularly

– 32 females, corresponding to 30% of the members

– 31 Early Stage Researchers, corresponding to 29% of the members

– 32 Invited Experts that participated in at least one meeting

• So far, 8 STMS:

– 2 other are approved by the MC but not yet taken place;

– 5 more are under preparation.
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Topic: “Sustainable Engineering”

• Integrated approach to deal with the end-products of 
construction

• Targeted at the development of R&D and Engineering methods 
from structural points of view    

• Methodologies that incorporate holistic understanding on the 
integrated processes and systems

• Structural engineering is beginning to develop an integrated 
design approach in which advanced tools are used to analyse 
and verify the various performance aspects and sustainability 
demands.

Background

• The construction sector consumes about 50% of all resources 
taken from the Earth, a percentage that is more than any 
other industrial sector

• The construction, operation and subsequent demolition of all 
built facilities accounts for about 40-45% of all energy end use

• The built environment accounts for about 40% of the total 
world greenhouse gas emissions

• Construction is one of the sectors that causes more negative 
impacts on environment and have more interaction with 
human live 
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• Construction Life Cycle Analysis is a valuing process
whose comprehension and usability in practice 
requires science-based systemic approach

• Assessment methods and tools need  clear and 
practical guidance on valuing processes

• Incorporation of all dimensions of sustainable 
construction to assessment procedures magnifies 
problems of a multicriteria decision-making

State-of-the-Art 

• Sustainability assessment methods and tools on 
the market and in academia should be 
comparable and understandable

– in general: country-specific, difficult to compare and 
use, data difficult to achieve, system boundaries 
difficult to define, real life-time not known

State-of-the-Art 
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• Design methods should be integrated with other 
modelling tools such as quantity surveying, energy 
simulation and simulation-based tools

• Methods for service-life design including aspects of 
maintenance are developing and need to be combined 
with structural design

• Standardisation (CEN TC 350 and ISO/TC 059)

State-of-the-Art 

Aims of COST Action C25 

• Promote a scientific understanding of life-time engineering

• Boost science-based advancement of sustainable 
construction in Europe

• Provide the construction sector with a new framework and 
ideas based on the integration of approaches and results of 
ongoing research and development projects

• Establishment of a broad network of European universities 
and other research centers in the field of structural 
engineering in order to transfer the state-of-art of 
technologies, design methods and practices through the 
existing and new links of members of the Action in several 
international organizations

6



Aims of COST Action C25 

• Research and do collaborative analysis of results concerning 
design, assessment methods and tools, advanced materials 
and technologies as well as construction processes, both for 
new constructions and the rehabilitation of the existing ones

• Focused on an integrated approach to deal with the end-
products of construction, clearly targeted at the development 
of R&D and engineering methods from structural point of view

Main objective

• To promote science-based developments in 
sustainable construction in Europe through:

– the collection and collaborative analysis of scient ific 
results concerning

– life-time structural engineering and especially

– the integration of sustainability assessment methods
and tools for structural engineering 

7



Life-time Structural Engineering

• Aims to ensure that the requirements of stake-holders 
of the sector are fulfilled in technical terms during the 
whole life-cycle of a building or structure

• It is an integrated approach to design, building, 
maintenance, renovation and demolition of 
constructions

• It is an essential part of sustainable construction

Integrated approach

• Benefits from several theoretical disciplines to produce 
methods and tools for R&D&I

• Integrated research in “sustainability science”
• Integrated development in “innovation process”
• Integrated practices for “performance-based design”

Structural engineering is beginning to develop an integrated 
design approach in which advanced tools are used to 
analyse and verify the various performance aspects and 
sustainability demands

8



Secondary Objectives

• To share and harmonize the knowledge of different research teams

• To coordinate European research efforts and thus add more value 
to individual results

• To publish scientific collaborative papers in international journals

• To gain initiatives for European projects for innovative new 
construction technologies

• To provide the end-users and other stakeholders with more 
objective measures for comparisons of alternative solutions

Scientific Research

• Sustainability assessment methods
- e.g. reliability of data, handling of uncertainty, system 
analysis, decision-making theories, integration of social and 
human sciences, input to the development of mixed and 
interdisciplinary R&D methods

• Technologies and processes to improve eco-efficiency
- e.g. data mining and data analysis on clean and green 
technologies, modelling and simulation of material and energy 
flows in production and use of constructions, sustainable 
innovation theories, whole-building performance 

9



Scientific Research

• Phenomena affecting service-life of constructions
- e.g. modelling and simulation of phenomena affecting 
structural service-life (durability, degradation, fatigue, 
protection, maintenance - components and systems), risk 
analysis

• Life-time structural engineering
- e.g. methods to integrate knowledge from various disciplines, 
design methods, safety and security aspects in service-life 
design

Scientific approach

• Criteria for sustainable constructions
– global methodologies, assessment methods, global models 

and databases

• Eco-efficiency
– eco-efficient use of natural resources in construction 

(materials, products and processes)

• Life-time structural engineering
– design for durability, life-cycle performance, including 

maintenance and deconstruction

The methodology to carry out the Action and achieve 
a coordinated outcome is a case-study approach

10



Coordination of C25
MC - Management Committee
• Chair – Luís Bragança
• Vice-chair – Heli Koukkari

WG1 – Criteria for Sustainable Constructions
• Chair – Rijk Blok
• Vice-chair – Helena Gervásio

WG2 – Eco-efficiency
• Chair – Milan Veljkovic
• Vice-chair – Zbigniew Plewako

WG3 – Life-time structural engineering
• Chair – Raffaele Landolfo
• Vice-chair – Viorel Ungureanu

Website and Databases server 
• Responsible – Luís Simões da Silva

WG1 – Criteria for Sustainable Constructions
Global methodologies, assessment methods, global models 
and databases

• WP1 - State-of-the-art on LCA and LCC methodologies as applied in 
participating countries
State-of-the-art, with references to previous documents

• WP2 - Collection of information on databases of LCI and LCC for 
construction materials, construction products and processes and 
assessment of existing data and criteria
Datasheets about databases for LCI and LCC, report describing the need for 

further development as well as links to available databanks

• WP3 - Life-cycle performance: deterministic and stochastic simulation 
models
Report on models to assess life-cycle performance

• WP4 - Implementation of global methodologies for Sustainable Design and 
Building – case-study
Case-study publication on implementation of methodologies

11



WG2 – Eco-efficiency
Eco-efficient use of natural resources in construction -
materials, products and processes

• WP5 - Identification and evaluation of existing and new functional materials, 
construction products and processes to comply with decrease of material use, 
decrease of waste, decrease of emissions and energy saving goals
Reports and datasheets aiming at recommendations an d collaborative papers

• WP6 - Improvement of environmental performance of constructions (civil 
engineering structures, building structures and building envelopes). Improvement 
of the comfort in buildings (thermal, acoustic, lighting and quality of air), energy 
performance and the integration of innovative systems in buildings (mechanical, 
electrical and automation)
Datasheets on R&D and practice. Action reports on r esearch, collaborative papers

• WP7 - Analysis of functional materials and applications and new technologies –
case-study
Case-study publication with recommendations and gui delines

WG3 – Life-time structural engineering
Design for durability, life-cycle performance, including 
maintenance and deconstruction

• WP8 - Life-cycle performance: verification methods for durability of 
constructions (degradation models and service design life)
State-of-the-art report, datasheets of ongoing rese arch

• WP9 - Monitoring of life-cycle performance (life-cycle safety, functionality, 
quality, demolition and deconstruction)
State-of-the-art report, datasheets of ongoing rese arch

• WP10 - Sustainable construction assessment and classification systems
Case-study publication, including technologies, eva luation methods, 

recommendations, and basics for guidelines

12



Share and integration of tasks

WG1 

WG2 WG3 GLOBAL 
APPROACH 

APPLICATION TO 
CASE STUDIES 

Databases and 
Guidelines for Global 

Approach 

Life Cycle Structural 
Performance 

Life Cycle Functional 
Performance 

”project approach”

Case-studies

Buildings:
Light steel frame residential building
Multifamily concrete building
Seismic retrofitting technics
Virtual office

Bridges:
Three-span motorway viaduct
Existing 30 years old bridge
Integral abutment bridge

13



Deliverables

• Work Package Reports

• Reports and Datasheets from Case Studies

• Guidance on the use of the databases

• Proceedings of the First Workshop 

• Proceedings of the Midterm-Seminar

• Proceedings of the Second Workshop 

• Proceedings of the Conference

• Final Report

• A Summary Report, including recommendations for
“Sustainability analysis of Structures”  

Achievements:
• State-of-the-Art of LCA in sustainable construction finalized
• State-of-the-Art of Life-time Structural Engineering finalized
• State-of-the-Art of LCC, databases and educational material in progress
• Collaborative papers on recycled and emerging materials
• Collaborative works on energy-efficient construction
• Collaborative scientific papers on degradation models
• Guidelines for Case-studies (buildings and bridges)
• Emphasis on Students and ESR’s (Competition, Training Schools)

Not yet achieved:
• The implementation of a global life cycle approach has not yet been fully 

achieved still - because of the holistic nature of sustainability.
The picture is still far from complete (one of the most difficult issues world-
wide) and cannot be achieved by a single research group/institution

Results vs. Objectives

14
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Highlights - 1

• Keynote lecture on interdisciplinary methods in life-
time engineering

• Invited keynote speakers A. Tombazis, F. Mazzolani, 
E. Günther, W. Winter, W. Sobek & B. Weller

• Milestone papers of Work Packages and 
Collaborative Works

• Workgroup meetings successfully planned future 
activities.

Midterm Seminar Midterm Seminar -- Dresden October 2008Dresden October 2008

Highlights - 2

• Number of participants ~ 80
• Number of represented COST countries - 27
• Introduction of COST and C25 to a large audience > 120
• Keynote Speakers Dan Frangopol (USA), M. Lavagna (Italy) 

and P. Hajek (Czech  Rep.)
• Student Competition Awards
• Successful Working Group meetings
• Significant progress in Case-studies

Naples Symposium + MC + WG’s Naples Symposium + MC + WG’s –– May 2009May 2009

16
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Highlights - 3

• Number of participants ~ 65

• Number of represented COST countries - 23

• Four jointly prepared Key note lectures:

• Durability and service life of wood structures and components - State of the art 

• Condition assessment of steel structures - Recommendations for Estimation of 
Remaining Fatigue Life  

• A sustainability approach in structural restoration: Application of Life Cycle  
Analysis in a steel-based intervention project 

• Education for Sustainable Development
• Scientific achievements of Working Groups were presented

Timisoara Workshop + MC + WG’s, October 2009Timisoara Workshop + MC + WG’s, October 2009

Highlights - 4
3 Books :
- 1st Workshop Publication – September 2007
- Midterm Seminar Publication – October 2008
- 2nd Workshop Publication – October 2009

18



Training School 2010 & ESR Symposium
Malta – 23 July - 1 August
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• The matter of Life-time Engineering is complex. On 
LCC, so far, the results have stayed behind the 
results on LCA.

• Advanced methods of Life-time Engineering and the 
Global Methodology were presented in the last 
meeting – Izmir, 24-25 May 2010.

• Collaborative Works inside WGs will be finalized in 
the next meeting.

• It is foreseen that decisive progress can be achieved 
in the next meeting and will clearly be linked to the 
final outcome.

Challenges

20
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Purpose: Introduction to

• Main topics of the Training Course 

• Main problems of R&D on life-cycle performance of structures

• Main issues of the life-time engineering in structural design

TABLE OF CONTENTS

• Concept of Sustainable Construction 

Drivers of changes 

Life cycle thinking 

Trends and scenarios

• Activities for Sustainable Construction 

European policies

European directives

Standardization

• Integrated Life Cycle Approach

Interdisciplinary R&D

Performance based design

Life-time engineering

Stone age village in Saarijärvi, Finland

24



”Construction sector”: NACE

• 45.1 Site preparation: demolition and wrecking of buildings, earth 
moving and test drilling and boring

• 45.2 Building of complete constructions or parts thereof; civil 
engineering: general construction of buildings and civil engineering 
works, construction of highways, roads, airfields and sport facilities, 
construction of water projects and other construction work involving 
special trades

• 45.3 Building installation: installation of electrical wiring and fittings, 
insulation work activities, plumbing and other building installation

• 45.4 Building completion: plastering, joinery installation, floor and 
wall covering, painting and glazing and other building completion

• 45.5 Renting of construction or demolition equipment with operator

Construction in Europe - Key Figures

• Estimated construction investment (EU 27 - 2009) : 1.173 billion €

• 9,9 % of GDP
• 51,4 % of Gross fixed Capital Formation 

• 3 million enterprises (EU 27), of which 
95% are SMEs with fewer than 20 and 
93% with fewer than 10 operatives 

• 14,9 million operatives : 
7,1 % of Europe`s total employment
29,1 % of industrial employment 

• 44,6 million workers in the EU depend, directly or indirectly, on the 
construction sector 

• Biggest industrial employer in Europe 

http://www.fiec.org/Content/Default.asp?PageID=5
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”Construction sector” in Finland

ARCHITECTURE & DESIGN
(architecture, landscaping &

engineering firms)

PLANNING & DEVELOPING 
(builders, owners, 

building firms,
public services)

BUILDING SERVICE SYSTEMS
(system manufacturers

& installation companies)

FACILITY 
MANAGEMENT

(owners and operators;
maintenance services) CONSTRUCTION

(general contractors etc.;
both buildings 

and infra networks)

Core activities
of construction , 

i.e. construction sites
(NACE Group 45)

Post-production
activities & services

Pre-production
(input) 

activities & services

Support activities & services

Ref. Asikainen A-L & Squicciarini, Innovation and the Construction Sector: A Value-Chain Based Definition of the Sector,
Global Innovation in Constrcution Conference, 13 – 16 Sept 2009, Loughborough, UK

CONSTRUCTION PRODUCTS
(material & component

manufacturers)

R
egulation

The built environment

• Creation of the mankind: buildings and network infrastructure –
and parks and squares (apart from nature and cultivated land)

• Occupation, services and mobility provider for living of individs

• Framework and facilitator of all social and economic activities

• Urban and land use planning from the points of view of economy and 
society

• Wider impacts than just the land use on the natural environment

26



Dennis Meadows 1972
• analyze long term causes and 
consequences of growth in population 
and material economy
• system dynamics application

D Meadows et al, LTG-30YU, p244-
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”Global boundary conditions”

• The first global model shows the 
complex dependence of economy, 
population, nutrition, resources and 
pollution

• The model showed that the carrying 
capacity of the Earth is limited

• It does not show the innovation 
capacity of the mankind

In the scale that a footboll represents the Earth 
the thickness of the aerosphere is about a paper

WHERE ARE WE NOW

• Humanity shares a common fate on a crowded planet 

• 6.8 billion people

• An interconnected global economy; transition to post-industrialism 

• Human beings fill every ecological niche on the planet from the ice 
tundra to the tropical rainforests to the deserts. 

• In some locations, societies have outstripped the carrying capacity of 
the land, resulting in chronic hunger, environmental degradation and 
large-scale exodus of desperate populations. 

• We are, in short, in one another’s faces as never before, crowded 
into an interconnected society of global trade, migration, ideas and 
yes, risk of pandemic diseases, terrorism, refugee movements and 
conflict.
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Between 1980 and 2007, world GDP (in constant prices) grew by 120%, 
while world population increased by more than 50%. Also global resource 
extraction grew significantly, by almost 62% in this time period.

http://www.materialflows.net/

http://www.eea.europa.eu/data-and-maps/
indicators/final-energy-consumption-outlook-from-iea/final-energy-consumption-outlook-from#toc-0
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CO2 – CARBONDIOXIDE AND CLIMATE

• Natural sources of atmospheric carbon include gases 
emitted by volcanoes, and respiration of living things. We 
breathe in oxygen, and breathe out carbon dioxide. 

• The concentration of carbon dioxide in the atmosphere 
has increased by about 35 percent since the beginning of 
the industrial revolution in the late 1800's. 

• Most of this increase comes from using fossil fuel -- coal, 
oil and natural gas -- for energy, but approximately 25 
percent of the carbon came from changes in land use, 
such as the clearing of forests and the cultivation of soils 
for food production. 

http://www.ipcc.ch/graphics/syr/fig2-3.jpg

IPCC
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The Greenland ice sheet is melting faster than 
expected, according to a new study led by a 
University of Alaska Fairbanks, June 2009

Hurricane Katrina: 
http://www.nasa.gov/images/content/141868main_gulfport_lg.jpg

Environment is an issue

Resource depletion is an issue

Changes are accelerating

Drivers are global
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Burden of the Built Environment

• Worldwide, 30-40% of all primary energy is used in buildings – for 
operation (indoor air quality, warm-water, freezers and fridges, 
light, elevators) and for entertainment and work equipment

• Each year, some three billion tonnes of raw materials – 40-50% of 
the total flow in the global economy – are used in the 
manufacturing of building products and components worldwide

• 30- 40% of solid waste is produced by the construction sector

Source: UNEP, UNEP-SBCI

• A variety of figures are introduced about the Greenhouse Gas emissions
depending on the use of definitions ”buildings” and ”the built environment”
or ways to divide the statistical sectors

Rogich, D.G. & Matos, G.R. The global flows of metals and minerals, USGS 2008 
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Krausmann et al 2009

Division of final energy use by statistical sectors
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Sectoral CO2 emissions

http://www.ipcc.ch/graphics/ar4-wg3/jpg/fig-1-2.jpg

The ways the built environment are built up, operated and used are 
crucial for turning the global trends 

the material and energy base of the built environment 
needs to be changed dramatically

the stake-holders of the construction sector need to work for change
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Sustainability – the optimistic transition 
scenario
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“Sustainability” - Sustainable development

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

Report of the World Commission on Environment 
and Development (Brundtland Report), 1987

The United Nations Conference on 
Environment and Development in Rio de 

Janeiro in 1992 represented a watershed in 
the international community’s way of thinking 

about consumption and production. 

Agenda 21 states that the success of efforts 
to eradicate poverty and manage the natural 

resource base for economic and social 
development will depend upon fundamental 

changes in global consumption and 
production patterns. 
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Three pillars of sustainability: 
planet, people, profit

• The fundamental goal of sustainable development is to preserve 
the ecological systems that globally are the basis for human life 
and biodiversity of the nature. 

• However, the quality of life is recognised as the non-physical and 
non-ecosystem counterpart in any usable model of sustainable 
development 

• Sustainable development has three bottom lines or dimensions:
- environmental (“planet”)
- social - including cultural (“people”)
- economic (“profit”)

http://www.ipcc.ch/
graphics/syr/figi-1.jpg
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The built environment in Earth – Human Systems

Atmosphere

Hydrosphere

Lithosphere

Biosphere

Natural Capital

Athrosphere

Human-made 
Capital:
- Built Capital
- Human Capital
- Social Capital

http://iee.umces.edu/GUMBO

Ecosystem
services

Human 
impacts

S
ol

ar
 e

ne
rg

y

Sustainable construction/ building

• Integrates objectives of sustainable development into the 
construction activities in order to produce
the sustainable built environment

• The building and construction sector is the key sector to 
the sustainable development (UNEP)

Sustainable Construction has been a CIB 
Priority Theme since 1995. 

• the CIB "Agenda 21 on Sustainable 
Construction" and the 

• joint CIB-UNEP "Agenda on Sustainable 
Construction in developing countries" 
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Sustainable built environment

• Result of sustainable construction principles 

• Mimics nature in its internal cycles and growth

• Relies on renewable energy and crade-to-cradle-thinking

• In harmony with natural environment

• Contributes positively to food production (”green roofs”)

• Contributes positively to energy production (”smart grids”)

• Supportive, responsive and inclusive to all users

• Enhance well-being and productivity

Copywrite VTT, 2010

Social 
dimension 

Economic
dimension

Ecologic
dimension

Safety and security
Health and comfort
Space and basic supplies
Privacy, dignity, identity 
Appearance, aesthetics
Community, religions 
Connections, mobility, migration
Recreation, recovery
Cultural heritage

Social 
dimension 

Ecologic
dimension

Saving of natural materials
Use of renewable energy
No emissions to air 
Reuse of solid and biowaste
Reduced impacts on biodiversity
Adaptation to Climate Change

Economic
dimension

Upgrading for post-industrial economy
Adaptability to quick changes
Maintenance as a service
Public-private-partnership
Functional infrastructure
Support to branding and operations

THE SUSTAINABLE 
BUILT ENVIRONMENT

Copywrite VTT, 2010
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The changing built environment – how to change it

• Understanding the mechanisms of market transition 
• Influencing on trends and scenarios in relation to the built 

environment 
• Tightening steering by regulation and standardization
• Implementation of life-cycle thinking in all processes
• Innovation of sustainable technologies
• Development of Key Indicators

Sustainable building and construction

• Eco-efficient materials and products

• Eco-efficient production processes

• Eco-efficient construction technologies

• Sustainable planning 

• Sustainable architecture

• Life-time engineering

• Methods to verify sustainability

• Regulations

• Incentives
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Social 
dimension 

Economic
dimension

Ecologic
dimension

Employment
Structure of workforce
Working conditions
Occupational health
Responsibility of well-being
Processes for user-orientation

Social 
dimension 

Environmental
dimension

Recycled materials
Eco-efficient products
Design for reuse of components
Consumption of renewable energy
Wasteless construction activities
Impacts on climate and biodiversity

Economic
dimension

Economic growth
Financing 
Direct and indirect employment
Interaction with other sectors
Public-private-partnerships
Long-term risk sharing

THE SUSTAINABLE 
CONSTRUCTION SECTOR

Copywrite VTT, 2010

Life cycle approaches

• Sustainable development – ultimate goal of all life-cycle approaches

• Life cycle thinking – expansion of responsibility

• Industrial ecology - multidisciplinary study of industrial systems and 
economic activities, and their link to fundamental natural systems

• Dematerialization - “factor X” paradigm

• Precautionary principle - when the effects of a proposal are not known, 
it should not be executed

• Eco-efficiency – producing “more with less”

• Risk principle - minimisation of risks for all three domains 

• Pollutionary principle - all environmental pollution should be minimised

Source: WBCSD
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Life cycle approaches

Analysis Practice

Analytical tools

Checklists

Policy 
Programmes

Policy Instruments

Procedural toolsModels and techniques

Data and Information

Corporate 
Programmes

Source: WBCSD

Analytical life cycle approaches

Analytical tools
• Life Cycle Assessment 
• Material Flow Accounting
• Substance Flow Analysis 
• Env. Input/ Output Analysis
• Environmental Risk Assessment  
• Life Cycle Costing
• Cost Benefit Analysis
• Total Cost Accounting
• Env. Management Accounting 
• Cost Effectiveness
• Ecological footprint 
• Cleaner Production Assessment

Source: WBCSD
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http://www.eoearth.org/article/Indicators_of_sustainable_development
International statistical systems. (Source: Bartelmus) 

Green accounting systems and data

IEA Annex 31: LCA for buildings

Issues of impact analysis
- Object-dependent 
- Sector-specific
- Country-specific
- Depends on the purpose

(UNEP, World Bank, EU etc)
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Practical life cycle approaches

Policy programmes
• Sust Consumption & Production

• Sustainable Procurement

• Integrated Product Policy

• Chemical Product Policy

• Ext. Producer Responsibility

• Integrated Waste Management

Corporate programmes
- Life Cycle Management
- Supply Chain Management
- End of Life Management
- Product stewardship
- Social Corporate Responsibility
- Integrated Material Management

Source: WBCSD

Policy Instruments
• Legal instruments, e.g. licences and regulations

• Financial instruments, e.g. taxes and subsidies

• Communication instruments, e.g. awareness-raising campaigns

• Structural instruments, e.g. liabilities

• Voluntary agreements, i.e. agreements between industry and 
government

Procedural tools
• Environmental Management System - Design for Sustainability

• Environmental Certification System - Environmental labelling

• Environmental Impact Assessment - Sustainability Reporting

• Environmental Performance Evaluation - Etc.

Source: WBCSD
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Reconstruction of the city 
UR about 2100 B.C.

Manhattan

Evolution of the Built Environment

Dawn of the 
Built Environment

~ 10 000 – 1000 BC
Trade and policy needs

Construction technologies

Community needs 
- Social

- Protection
- Religion

Around 12 000 years ago
(Village at Jericho 9000 BC)

Hundreds of
Nuraghis in 
Sardegna
1000/1800 BCC
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Malta’s megalithic culture

• Seven oldest regilious sites, 
listed in the World Heritage

• Għar Dalam Cave is a first site 
of human settlement on Malta, 
some 7,400 years ago. 

• The Ġgantija Temples on the 
Gozo island consist of two 
megalithic temples surrounded 
by a massive common 
boundary wall, between 3600 
BC and 3200 BC 

• Tarxien Temples, dating from 
3600 to 2500 BC, consist of 
four megalithic structures. 

Formation of the 
Built Environment
~ 1000 BC – 1000 

Economy
- Production sites

- Trade routes and sites

Society
- Security 

-Water supply 
-Sanitation

- Urban planning

Construction sector
-Technologies
- Horsepower

- Workmanship

Cross-sectoral impacts
(warfare, energy)
Religious needs
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Urbanisation and 
networking of the 
Built Environment

Economy
- Sites of commerce 

and manufacture
- Supply networks

-Logistics

Society
- Regulation

- Urban Planning
- Education

Construction sector
-Technologies

- Business networks
- Cross-sectoral inputs

From agriculture to industrialisation  - about 1750

• Wind, water and wood were the essence of manufacture and operation 
of ships and boats. 

• Ships started to serve international trade, boats served for regional and 
local transportation. 

• Several of today’s important European cities grew: Athens, Antwerp, 
Amsterdam, Lisbon, London, Paris, Rome, Lyons, Naples, Venice, 
Rotterdam, Wien. 
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Leading European cities about 1500, 
cities in bold with more than 100,000 inhabitants 

Hegemony of the 
Built Environment

Economy
- Production
- Financing
-Logistics

Environment
- Resource use

- Waste and emissions

Society
- Well-being
- Regulation
- Education

Planning
Infra networks
Investments

Work 
Services

Investments

“Construction 
sector”

Users
- Well-being

- Entertainment
- Mobility
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Steam-based industrialism 1750 - 1840

• Called by some historians as Paleotechnic phase

• The time had come to consolidate and systematize the great 
advances that had been made during the preceding (eotechnic) 
phase. 

• The great shift in population and industry was due to the 
introduction of coal as a source of mechanical power, to the use of 
new means of making that power effective – the steam engine –
and to new methods of smelting and working up iron. 

• Industry moved to new regional centres of England. France and 
Germany developed more or less simultaneously. Later, the United 
Stages took dominance in many ways.

• A new civilization developed out of the coal and iron complex; coal 
offered energy independent on weather. In all its broader aspects, 
the paleotechnic phase rested on the mine. 

• The technical history of the next hundred years was directly or 
indirectly the history of steam.

Industrial phase from 1750 to 1840

• The technical gains were tremendous:
- The principal machine tools were 
perfected. 
- Power-propelled vehicles were created, 
and their sizes and speeds were increasing 
steadily.
- The capacity to produce, manipulate and 
transport vast masses of metal was 
enlarged. 

• Iron bridges became taller. 

• The Eiffel tower was built in Paris, the 
Chrystal Palace in the UK. 

• Greatest achievement was the railroad 
system
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100 years of steam-based industrialism

• Iron became the universal material.  

• The first mark of paleotechnic industry was the pollution of the air.

• The new manufacturers erected steam engines without any effort 
to conserve energy or utilize the by-products. 

• In the new chemical industries that sprang up during this period, no 
effort was made to control pollution or separate industries from 
residential areas.

• The stream pollution was the second mark of paleotechnic 
industry: The dumping of the industrial and chemical waste-
production into the streams was typical. 

Electricity-based Industrialism 1840 - 1944

• Aluminium is the true neotechnic material whose production 
consumes large quantities of electric energy. 

• The use of rare metals characterises the new phase as well. 
• Organic compounds became more important. Industry became 

dependent on chemistry to great extent. 
• Petroleum was tapped by the drilling wells for the first time in 

modern time in 1859; after that it was rapidly exploited. 
• The gas engine was perfected in 1876. The fuel oil was not only 

powerful in internal combustion engines but it was relatively light 
and easy to transport.

• The basis of the material elements of the new industry is neither 
national nor continental but planetary. 

• Under these conditions, no country can surround itself with a wall 
without wrecking the essential: international basis of its industry.
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Electricity-based Industrialism 1840 - 1944

• By the end of the nineteenth 
century, the central power station 
and distribution system were 
developed. 

• Electricity facilitated development 
and introduction of new materials. 

• Networking of societies expanded 
fast.

• The first underground track in 
London 1863; in Paris 1920

http://www.pbs.org/wgbh/buildingbig/index.html
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The digital world – Cybernetic Phase

• IBM built the first computer in 1944;  the first computer had a size of a 
room, with 750 000 part

• The computer initiated a major transformation in the production, 
financing, marketing and distribution of goods and services 

• 1971 mainframe computer 10-15 min/scen

• Microcomputers in the 1970ies 

• Personal computers in 1980ies 

• 1991 desktop computers 3-5 min/scen

• 2001 laptop 4 s/scen

• Internet from 1980ies

• Cellular phones 1990ies

• Global networks

AGRICULTURAL INDUSTRIAL CYBERNETIC

Origin Near East 11 000 
years ago

Britain, 1750 United states, 1944

Catalytic
Technology

Grain  cultivation 
(wheat)

Steam engine Computer

Benefits More food per unit of 
land; grain storable 
and tradable

Inexpensive, 
dependable source 
of power

Fast decision-
making for 
problems soluble by 
algorithms

Uses Feeding people, 
safeguarding food 
supply; trading goods 
(functions like money)

Mechanized 
pumps, machine 
powered vehicles, 
power machinery 
in factories

Calculations, record 
& word  processing, 
database 
management, 
telephone 
exchanges …
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AGRICULTURAL INDUSTRIAL CYBERNETIC

Effects Population 
increase, early 
cities, roads, 
shipping, 
accounting, metal-
working, wheeled 
vehicles, writing, 
scholarships, 
science

Factory towns, 
railroads, 
automobiles, rising 
living standards, 
airplanes; surging 
demand for natural 
resources –metal 
ores, coal, 
petroleum

Faster, cheaper 
information 
handling, better 
managements of 
communications, 
tighter inventory 
controls, better 
distribution of 
goods, higher 
standard of living

Workers 
displaced

Hunters, gatherers Farmers, weavers, 
craftsmen

Clerks, typists, 
typesetters, small 
grocers

New jobs Early: farmers, 
construction 
workers, carters, 
brewers, 
specialized crafts; 
Later: scribes, 
scholars

Miners, factory 
workers, 
ironworkers, 
steamship builders, 
railroaders, steel 
workers

Computer 
operators, 
programmers, 
systems analysts, 
web-masters, 
electronic game 
designers
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EVOLUTION OF STRUCTURAL DESIGN 
 (FROM FEW NATURAL MATERIALS TO A MULTITUDE OF ARTI FICIAL MATERIALS)

performance-based codestechnical codesexperience and
experiments components systems

EVOLUTION OF BUILDING TECHNOLOGIES
(FROM SPATIAL AND STRUCTURAL SYSTEMS TO A COMPLEXIT Y OF SYSTEMS) 

structures and architecture

water and sewerage

lightingnatural ventilation

chimneys

lifts

electricity

ventilation systems
central heating

simulation-based
design

intelligent 
buildings 

cooling
ict

stone brick steel concrete
timber

prefabrication

plastics
fibres

integrated 
control

glass

experimental knowledge as a prime explanation 
of physical phenomena

modelling based on theoretical 
knowledge on phenomena

time (no scale)

KNOWLEDGE POOL OF DESIGN, BUILDING AND INNOVATIONS
modelling 
and 
simulation

COMPETENCES NEEDED IN R&D

know-how on and facilities of
experimental research
(principles, technologies, reliability)

standardization

modelling 
and 
simulation

modelling of phenomena based on
natural sciences and mathematics  

knowledge on materials and
technologies

product assessment

experiments for validation 
of theoretical analysis

1600thousands of years 1900
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Visible changes

• From massiveness to slenderness
• From darkness to light
• From cold to warmth, heat to cool
• More floors up and down
• More buildings, more cities 
• More networks
• More technologies everywhere
• From pathways to highways
• In tunnels and in the air
• All corners inhabited
• All corners networked
• Expansion of excavations
• Increasing number of powerplants
• Extension of brownfiels

Trends and scenarios
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Importance of knowing trends

• A special value of trends is that they give us a bridge from the past to 
the future. 

• By using trends we can convert knowledge of what has happened in 
the past into knowledge about what might happen in the future. 

• Our knowledge of the future is of course very weak and spotty kind of 
knowledge, but it can be used as spotty maps of what may lie ahead. 

• By projecting trends, we come up with concepts of what conditions 
may be alike in the unknown future.

• Knowing trends enables us to make better decisions about what we 
should do.

Forecasting methods

E. Cornish

Scanning Systematic survey of current media focusing mainl y on trends
rather than events

Trend analysis Examination of a trend to identify its natur e, causes, speed of
development, and potential impacts

Trend 
monitoring

Trends viewed as particularly important may be monitored –
watched and reported regularly to key decision-makers

Trend 
projection

When numerical data are available, a trend can be plotted to s how
changes over time, and if desired, a trend line can be extende d or
“projected”

Scenarios The future development of a trend, a strategy, or a wildcard event
may be described in story or outline form. Typically, severa l
scenarios will be developed so that decision-makers are awa re that
future events may invalidate whatever scenario they use for
planning purposes
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Polling Collecting people’s views on the future and other to pics. Data may
be collected through face-to-face conversation, telephon e
interviews, questionnaires. Delphi polling uses a careful ly
structured procedure to generate more accurate fore-casts

Brainstorming The generation of new ideas by means of a small group assembled
to think creatively about a topic. Other idea-generating or problem-
solving methods are also common.

Modelling Real-world can be studied by physical models or a s et of
mathematical equations. The mathematical model can be put i nto
a computer and used to simulate the behaviour of the system
under a variety of conditions.

Gaming The simulation of a real-world situation by means of h umans
playing different roles

Historical
analysis

The use of historical events to anticipate the outcome of cur rent
developments

Visioning The systematic creation of visions of a desirable future for an
organisation or an individual. Typically, this procedure s tarts with
a review of past events and the current situation, moves on to
envision desirable futures, and concludes with the identif ication of
specific ways to move toward the desired future.

Six Supertrends – the ”Great Transformation”

• Technological Progress includes all the improvements being made 
in computers, medicine, transportation, and other technologies as 
well as all the other useful knowledge that enables humans to 
achieve their purposes more effectively. 

• Economic growth is linked to the technological progress because 
people are eager to use their know-how to produce goods and 
services, both for their own use and to sell to others. Growth has 
been tremendous since the Industrial Revolution.

• Improving Health is a result of both technological progress and the 
economic growth. It leads to increasing longevity – which has tow 
important consequences: population growth and a rise in the 
average age of the population.
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Six Supertrends – the ”Great Transformation”

• Increasing mobility seems to be the principal cause for 
globalization. People, goods, and information move from place to 
place faster and in greater quantity than ever before. 

• Environmental decline continues for the world as a whole because 
of continuing high population growth and economic development.

• Increasing deculturation occurs when people lose their culture or 
cannot use it because of changed cirmumstances. In relation to 
that, the number of languages is estimated to halve from 6000 in 
next one hundred years. Urbanisation also contributes to 
deculturation.
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• Urbanisation continues – in 
growing economies, 20 megacities

• Post-industrial cities nodes of 
global services and trade

• Number and height of skyscrapers 
increasing

• Energy-efficiency
• Scarcity of materials

• Declining condition of existing 
building stock and infra structures

• Increasing intelligent control of 
technical systems

• Smart grids inside and around 
buildings and blocks

• Integrated design of functions, 
spaces and systems of buildings

• Integrated urban planning and 
design 

Global trends in construction

Integrated
knowledge
systems

Building's
automation
systems

1990 - 1995

HVAC and other
building services

    Security
and access
control

Text and
data Voice Picture

SINGLE FUNCTION/
DEDICATED SYSTEMS

Safety
Access 
control

HVAC
control

Control of
consumption

SINGLE APPARATUS

Transfer
of elect.
data

Fax,
transfer 
of text

Transfer of
voice

TV 
1980 -
1985

1985 - 1990

before1980

Market period

Since 1995 
INTEGRATED HVAC
AND ICT SYSTEMS

Level of Integration

INTEGRATED
SYSTEMS

MULTIFUNCTIONAL
SYSTEMS

Intelligent
building

DEGW & Technobank (1992)
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Ageing societies

• The proposition of people 65+ is 
increasing 

• The proposition of people 80+ is 
increasing

• The elderly dependence ratio 
increases close to 40%

• “Ageing in place” instead of the 
institutional housing 

• More old persons live alone

• Accessible housing conditions and 
public transport

• Health care and other services at 
home

EUROPEAN CONCEPT FOR ACCESSIBILITY 
Built environment and its design and 
planning, traffic and consumer products

Visitability
Adaptability

Life-cycle living
Health

Safety and security

Scenarios

• The future development of a 
trend, a strategy or a wildcard 
event may be described in 
story or aoutline form. 

• Typically, several scenarios 
will be developed to decision-
makers
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A SET OF FIVE SCENARIOS

• A Surprise-Free Scenario: Things will continue much as they 
are now. They wont become substantially better or worse.

• An Optimistic Scenario: Things will go considerable better 
than in the recent past.

• A Pessimistic Scenario: Something will go considerable 
worse than in the past.

• A Disaster Scenario: Things will go terribly wrong, and our 
situation will be far worse than anything we have previously 
experienced.

• A Transformation Scenario: Something spectacularly 
marvellous happens – something we never dared to expect.

Global Scenarios Group

Global Scenarios Group Scenarios by SEI et al

Source: www.gsg.org

Market Forces

Policy Reform

Breakdown

Fortress World

Eco-Communalism

New Sustainability

Conventional Worlds Great TransitionsBarbarization

• mid-range projections

• self correcting logic of 
competitative markets

• mid-range projections

• strong government ac-
tion towards 
sustainability

• env-friendly 
technology

• authoritarian 
responses

• protected elite 
enclaves

• outside the fortress 
there is repression, 
environment destruction 
and misery. 

• build up / combine crises 

• unbridled conflict

• institutional 
disintegration 

• economic collapse

• green visions of bio-
regionalism, localism

• face-to-face democracy

• economic autarky. 

• changing urban 
environm.

• building a more 
humane and equitable 
global civilization rather 
than retreat into localism. 

Dominant values and institutions 
shape the future, world economy 
grows rapidly and dev countries 
converge toward the norms set by 
highly ind countries.

Social, economic and moral 
underpinnings of civilization 
deteriorate, as emerging problems 
overwhelm the coping capacity of 
both markets and policy reforms. 

Solutions to the sustainability 
challenge, including new 
socioeconomic arrangements and 
fundamental changes in values.
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Population

Economy
Environment

Equity

Technology

Conflict

SCENARIO

Conventional worlds

 - Market forces
 - Policy Reform

Barbarisation 

- Breakdown
- Fortress World

Great Transitions

- Eco-communalism
- New Sustainability 
           Paradigm

Source: Gallopin et al (1997)

Archetypes of Global Scenarios

Fortress Worlds
• Security First (GEO-3)
• Barbarization (GSG)
• SRES A2 (IPCC)
• Order from Strength (MA)

Value Change Worlds
• Sustainability First (GEO-3)

• VAL Scenario (WWV)
• SRES B1/B2 (IPCC) 

• Adapting Mosaic (MA) 
• Great Transitions (GSG)

Market Driven Worlds
• BAU Scenario (WWV)
• Markets First (GEO-3) 

• SRES A1 (IPCC) 
• Conventional Worlds (GSG)
• most ‘Baselines’ / ‘Outlooks’

Policy Fix Worlds
• Policy Reform (GSG)
• Policy First (GEO-3)
• Global Orchestration (MA)
• SRES B1 (IPCC)

Based on: van Asselt (1998), Morita & Robinson 
(2001)

Tech Optimist Worlds
• Techno Garden (MA)
• TEC Scenario (WWV)

Many global scenarios follow 
one archetypical view of a 
future ‘world’:
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IPCC Scenarios (SRES)

• Six GHG emission up to 2100

• 4 scenario ‘families’

A1 : market driven, …

A2 : fragmented dev., …

B1 : market & policy, …

B2 : local green solution, …

Source: Nakicenovic et al (2000)

www.ipcc.ch/ipccreports/sres/emission/index.php?idp=49

Scenarios on economic growth and resource demand. Statens Offentliga Utredningar 2007:1

Top-down economic-demographic global scenarios used as 
background for Climate Change scenarios without an analysis of conditions
of economic growth.
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A1: very rapid economic growth, global population that 
peaks in mid-century and declines thereafter, and the 
rapid introduction of more efficient technologies; three 
alternative directions of technological change in the 
energy system: fossil intensive (A1FI), non-fossil 
energy sources (A1T), or a balance across all sources 
(A1B).

A2. a very heterogeneous world; the underlying theme 
is self-reliance and preservation of local identities. 
Fertility patterns across regions converge very slowly, 
which results in continuously increasing population. 
Economic development is primarily regionally oriented 
and per capita economic growth and technological 
change fragmented and slow.

B1. a convergent world with the same global 
population, that peaks in midcentury and declines 
thereafter, with rapid change in economic structures 
toward a service and information economy, with 
reductions in material intensity and the introduction of 
clean and resource efficient technologies. The 
emphasis is on global solutions to economic, social 
and environmental sustainability, including improved 
equity, but without additional climate initiatives.

B2. an emphasis is on local solutions to economic, 
social and environmental sustainability. Global 
population increases continuously, economic 
development is at intermediate levels, and 
technological change is less rapid and more diverse 
than in the B1 and A1 storylines. Orientation towards 
environmental protection and social equity.

A-scenarios: consumer societies
B-scenarios: toward sustainable development
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Table 2. Urban and rural population of the world, medium scenarios (UN 2005). 

Population (billions) Average annual rate of 
change(percentage) 

World 

1950 1975 2000 2005 2030 1950-2005 2005-2030 
Total 2.52 4.07 6.09 6.46 8.20 1.71 0.95 
Urban 0.73 1.52 2.84 3.15 4.91 2.65 1.78 
Rural 1.79 2.56 3.24 3.31 3.29 1.12 -0.03 

 

medium one of three scenarios; between 10.6 and 7.4 billion

World population 

UN Urbanization Prospects, 2007
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Global–Local level Integration

• Option 1:
Develop global and local 
scenarios in parallel / 
iteratively

Global-Level Scenarios

Regional-level Scenarios

Local-level ScenariosLe
ve

l o
f D

et
ai

l

• Option 2:
First agree on a set 
of global scenarios, 
then develop local and regional 
scenarios. Revisit global 
scenarios

Global–Sector Level Integration

• Option 1:
Develop global and sectoral 
scenarios in parallel / 
iteratively

Global-Level Scenarios

Cluster-Regional-level Scenarios

Sector-level ScenariosLe
ve

l o
f D

et
ai

l

• Option 2:
First agree on a set 
of global scenarios, 
then develop sectoral 
scenarios. Revisit global 
scenarios
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Activities for sustainable construction

Environmental

performance score

Economic
performance score performance score

Social

Environmental 

requirements

Economical 

requirements
Social/Human

requirements

DIMENSIONS OF SUSTAINABLE CONSTRUCION

Overall score

Multi-criteria decision analysis 
and optimisation
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EU monitor the Sustainable
Development Strategy by a 

system of indicators

Statistic and reports available at the 
website of EuroStat

Theme 1: Socio-Economic Development Theme 6: Climate Change and Energy

Theme 2: Sustainable Consumption and 
Production

Theme 7: Sustainable Transport

Theme 3: Social Inclusion Theme 8: Natural Resources

Theme 4: Demographic Changes Theme 9: Global Partnership

Theme 5: Public Health Theme 10: Good Governance

IPCC Sythesis Report 2007
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Agenda 2001: Strategies for raising the level of 
“sustainable construction” in Europe

1. Contribute to the European long-term framework policies for SD

2. Facilitate a change in lifestyles and in patterns of consumption and 
production.

3. Reduce environmental impacts and resource depletion  caused by the
construction, operation and demolition of built facilities

4. Raise environmental awareness

5. Promote quality in construction (aesthetic and fitness for purpose).

6. Measure life cycle costs in terms of competitiveness factors in a way that they 
may be converted into performance indicators .

7. Promote renovation , re-use and re-habilitation of existing buildings.

8. Promote environmental expertise and technology so that they become 
increasingly competitive factors.

9. Establish mechanisms for regular review of progress achieved.

Energy Performance of Buildings Directive
(EPBD, 2002/91/EC)

• The original Directive offers holistic approach tow ards more 
energy efficient buildings

Member States are in charge of:
• A methodology to calculate and rate the energy perf ormance 

of buildings
• Set minimum energy performance standards for new an d 

existing buildings (useful floor area > 1000 m²) th at 
undergo major renovation

• Energy performance certificates
• Regular inspections of heating and 

air-conditioning systems

http://ec.europa.eu/energy/efficiency/buildings/buildings_en.htm
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EPBD recast (2010/30/EU & 2010/31/EU)

• Elimination of the 1000 m2 threshold for existing buildings →
minimum energy performance requirements for all existing
buildings undergoing a major renovation (25 % of building
surface or value)

Member State to set
• To set minimum energy performance requirements for technical building 

systems (large ventilation, AC, heating, lighting, cooling, hot water) for new 
built and replacement

• minimum energy performance requirements for renovation of building 
elements (roof, wall, etc.) if technically, functionally and economically feasible

Eco-Design Directive regulates placing of products on the market, EPBD their 
energy-efficient assembling to technical systems

EPBD recast:  certificates 

• Better visibility and quality of information provided by Energy 
Performance Certificates : mandatory use of the energy performance 
indicator in advertisements; recommendations on how to improve cost 
optimally/ cost-effectively the energy performance, can also include 
indication on where to obtain information about financing possibilities

• Certificates to be issued to all new buildings/building units and when 
existing buildings/building units are rented/sold

• Public authorities occupying office space of > 500m² will have to 
display the certificate (lowered to > 250m² after 5 years)

• Commission to develop a voluntary common European certification 
scheme for non-residential buildings by 2011
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”ESSENTIAL REQUIREMENTS OF WORKS”

- ER1, mechanical resistance and stability

- ER2, safety in case of fire

- ER3, hygiene, health and the environment

- ER4, safety in use

- ER5, protection against noise

- ER6, energy economy and heat retention

durability

Construction Products Directive, the CPD (89/106/EEC)
Proposal for a Construction Products Regulation (the CPR)

http://ec.europa.eu/enterprise/sectors/construction/documents/
legislation/cpd/index_en.htm

Waste Framework Directive, 2008/98/EC 

• Member States establish, not later than 5 years after the entry into 
force of this directive (i.e. around 2013-2014) national waste 
prevention programmes (to be evaluated at least every sixth year 
and revised as appropriate). 

• Such programmes shall be integrated either into the waste 
management plans or into other environmental policy programmes, 
as appropriate, or shall function as separate programmes. If any 
such programme is integrated into the waste management plan or 
into other programmes, the waste prevention measures shall be 
clearly identified. 

http://ec.europa.eu/environment/waste/framework_directive.htm

72



Lead Market initiative on Sustainable Construction

• Endorsed in 2007, one of the eight areas

• Developing an institutional “business plan” for demand-side 
measures

Policy instruments to remove market obstacles comprise

• Regulatory aspects, in particular Construction Products Directive and 
Energy Performance of Buildings Directive

• Standardisation aspects, needs to speed up the work

• Public Procurement (green and sustainable)

• Systemic policies

• Market based instruments

EU’s Lead Market ”Sustainable Construction”

Life-cycle expertise
• The construction sector needs to further develop skills and 

services to meet the customer and occupants requirements over its 
life-cycle. These would cover 

• knowledge in energy consumption, environmental impacts, 
indoor environment, safety, the adaptability of structures and 
premises, service life planning and facility management, as 
well as in life-cycle economics. 

• On the customer side, this expertise will build on a closer 
cooperation between the bodies taking the investment decision 
and the services responsible for the operation and maintenance of 
the construction assets.
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EU Commission Green Public Procurement Guidance

http://ec.europa.eu/environment/gpp/toolkit_en.htm 

ISO work on sustainable building and construction

There is an active process going on aiming at the formulation of 
international and European standards for the assessment and declaration 
methods of sustainability aspects of buildings and building products.

• ISO TC 59 (Building construction) SC 17 (Sustainability in building 
construction) makes standardisation in the field of sustainability of the built 
environment. 

• The environmental, economic, and social aspects of sustainability are 
included as appropriate. The work is carried out by five working groups:

• WG 1: General Principles and Terminology
• WG 2: Sustainability Indicators
• WG 3: Environmental Declarations of Building Products
• WG 4: Environmental Performance of Buildings
• WG 5: Sustainability Indicators for civil engineering works.
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CEN TC 350 WI 011:2009 Sustainability of construction
works - Assessment of environmental performance of

buildings - Calculation method

• Defines relatively detailed principles for the assessment of the use 
of non-renewable and renewable energy.

• Rules for 
• functional equivalence
• reference study period
• system boundaries
• building model and the description of the physical 

characteristics of building
• scenarios for defining the building life cycle (also specifically 

considering the operational energy use)
• calculation of the environmental indicators
• calculation of the environmental indicators
• reporting of the assessment of results

European Technology Platforms

• ECTP
• ESTEP, FTP

• Vision 2030 (in 2003-2005)
• Strategic research agendas SRA’s

(2005-2006)
• Implementation Plans (2006-2007)

• Contribution to FP7 preparation 
and preparation of Work 
Programmes
(officially recognized, and underlined 
in some calls)

• Co-operation working groups 
between ETP’s: 6 ETP’s on 
construction and 13 ETP’s on Third 
Industrial Revolution

Challenging and Changing
Europe’s Built Environment
A vision for a sustainable and competitive
construction sector by 2030
February 25th, 2005
European Construction Technology Platform 
(ECTP)
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Six European Technology Platforms concern 
construction and real estate sector

Construction and Real Estate Sector
European Construction Technology Platform (ECTP): l arge organisation with 
about 600 members and several National Technology P latforms (from 2004)

Steel and Forest sectors:
• European Steel Technology Platform (ESTEP): Eurofer -led, construction as a 

customer sector (from 2003, the “pioneering” platfo rm)
• European Forest-Based Sector Technology Platform (F TP): CeiBois-led; 

construction as a customer sector and value chain

Inter –ETP WG, members
• European Construction Technology Platform (ECTP)
• European Steel Technology Platform (ESTEP)
• European Forest-Based Sector Technology Platform (F TP)
• European Technology Platform for Sustainable Chemis try (SusChem)
• European Solar Thermal Technology Platform (ESTTP)
• European Hydrogen and Fuel Cell Technology Platform  (HFP)
• European Photovoltaic Technology Platform (PV)

• Evolution from environmental technologies towards sustainable 
processes and technologies, taking all three pillars into account -
people, planet, profit

• R&D is mainly funded by the mechanism of the Framework 
Programmes, since 4th FP with the network of ”Environmentally 
Friendly Construction Technologies”

• Commission services (Directorate Generals) have own running 
funding programmes, too: 

LIFE Programme, CONCERTO, Competitiveness and Innovation 
Framework  Programme CIP (incl. Intelligent Energy Europe)

European R&D for sustainable construction
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FP7, Construction main policy

�Meeting Client/User Requirements

- A complete life cycle driven processes 

�Becoming Sustainable 
- Radically reduce negative impacts  

�Transformation of the Construction Sector

- New image of innovation, high level 
technology, quality, security and good 
working conditions 

Source: Presentation by Lesniak in Ankara 13.10.2006
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Stakeholders for transition

Kazuo Iwamura 2007

Extraction
Processing

Decconstruction & materials reuse Design for reconstruction

Construction

Demolition Disposal

Occupancy & maintenance

EPA-904-C-08-001 
www.epa.gov/region4/p2 

Lifecycle Construction 
Resource Guide, 
EPA 2008
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EPA: three specific lifecycle construction practices will 
offer the greatest potential

• Deconstruction — Deconstruction of older buildings that were not 
designed for deconstruction, with reuse of salvaged materials in 
other building projects whenever possible; 

• Design for Deconstruction (DfD) and Materials Reuse  —
Construction of new buildings using DfD principles and, where 
possible, incorporating salvaged building materials; and 

• Green Building — Retrofitting and new construction of buildings to 
include green building elements such as sustainable site planning, 
energy effi ciency, safeguarding water and water effi ciency, 
conservation of materials and resources, and improved indoor 
environmental quality. 

Integration of methods in sustainable construction

Tyndall Research Centre
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COSTS

ENVIRONMENTAL PRESSURE

user

owner

society

USE AND MAINTENANCE

DESIGN
CONSTRUCTION

PERFORMANCE

B1INDOOR CONDITIONS
B2 SERVICE LIFE 
B3 ADAPTABILITY
B4 SAFETY
B5 COMFORT
B6 ACCESSIBILITY
B7 USABILITY

C1 LIFE CYCLE COSTS

C life cycle costs and environmental 
pressure

B performance

REQUIREMENTS

A1LOCATION
A2 SPATIAL SYSTEMS
A3 SERVICES

Aconformity

C2 ENVIRONMENTA PRESSURE

VTT ProP® performance classification

Building Performance - System Approach

Integrated System Solutions

Handling
&

Recovery

Delivery

Adaptable 
Indoor

Environment
Solutions

Integrated Central
Units

Unified
Installation 

Modules

Template
of

Space Products

INFORMATION   PLATFORM   FOR   SERVICES

ICT Solutions for Building and Services Operation

User Services Facility Management Services Real Estate Business Services

Open Building Concept
Pre-fabrication

Mass customization

Sustainability
outdoors

-
LowEx

´Wellbeing
indoors

• thermal
• air quality
• light
• safety
• information
•
•

Performance
reporting &
diagnosis

Real-time
Energy

Certificates

Social 
acceptabilityEnvironment

Economy - modern business models

P. Tuomaala 2007, VTT
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Integrated approach

Benefits from several theoretical disciplines to produce 
methods and tools for R&D&I and for ABC

• Integrated research (“sustainability science”)
• Integrated development (“innovation process”)
• Integrated practices (“performance-based design”)

Structural engineering is beginning to develop an integrated design 
approach in which advanced tools are used to analyse and verify the 
various performance aspects and sustainability demands. 

CIB published the Agenda 21 on Sustainable Construction in 1999 
(Report Publication 237)

Changing research in construction

• User-orientation: comfort, usability, flexibility
• Influence of user’s on energy-efficiency
• Behaviour of people in evacuations

• Needs of sustainable construction
• Needs of life-time structural management

• Modelling and simulation – tools to handle data
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Quantitative & Qualitative Research 
Approaches

Quantitative:
• Factual data, relationships between facts
• Scientific techniques to obtain quantified results
• Measurements
• Evaluation of results in the light of theory and literature

Qualitative:
• Insight and understanding of people’s perceptions
• Complicated analysis; with filtering, sorting etc.
• Researchers involved in research

Quantitative Qualitative 

General 
Aim 

How much? What, how, and why? 

Treatment 
of Data 

Isolates and 
defines variables 
& tests 
hypotheses on 
data 
Narrow lens 
(deductive) 

Defines very general 
concepts & searches 
for patterns  
 
Wide lens (inductive) 

Toolbox Surveys 
Questionnaires 
Randomized 
controlled trials 
Systematic 
reviews/meta-
analyses 

Participant-
Observation 
In-depth Interviews 
Key informants 
Participants 
Focus Groups 
Document Analysis 

Focus Prediction 
Outcomes 
Generalizability 

Rich description 
Process 
Context 
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Triangulation 

• Combination of methodologies in the study of the same 
phenomenon. 

• Mixed use of theories, methods, and multiple data sources 
to strengthen the credibility and applicability of findings. 

• Theory triangulation : use of multiple theories in tandem

• Data triangulation : use of qualitative and quantitative data 
sources such as interviews, surveys, participant 
observation, and archival records

• Investigator triangulation : use of multiple investigators in 
a single study 

Qualitative methodsQuantitative methods

Information (and data)

Results Results

Handling, interpretation, assessment and argumentation of results 

Theory, literature

Assessment of the research

Conclusions, explanations and predictions 

Data (and information)

Analysis Analysis

Techniques to collect
the material 

Techniques to describe
the material

Techniques to analyse
the material

Techniques to conclude 
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Objectives of triangulation

�Builds a wider explanation of the phenomena.

�Builds in means of testing a whole range of plausible
theoretical interpretations.

�Permits individual learning in the field and has the
advantage of creating theory from an extant situation.

Hogue, Z. 2006
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A set of criteria to consider on a set of alternatives, in order to 
(Wong 1999):

• Determine the best alternative or a subset of best alternatives 
(choice problem – like selecting a design solution), or

• Rank alternatives from best to worst (ranking problem – like 
prioritizing maintenance projects), or 

• Divide the set of alternatives into subsets according to some norms 
(sorting problem).

• Multi-criteria decision-making (MCDM) refers to making decisions 
in the presence of multiple criteria. 

• In the essence, a MCDM problem is formed into hierarchy 
composed of four elements: the goal, the objectives, the criteria, 
and the alternatives.

Multi-criteria decision-making (Value tree analysis)

Risk analysis methods

• What can go wrong
• How likely it is
• What would be the consequences

• Identification of possible adverse incidents 
• Identification of causes and consequences
• Estimation of likelihood of causes and consequences
• Evaluation and quantification of the risks
• Decisions and actions to deal with risks

Qualitative diagnostic 
risk analysis

All methods include brainstorming and prioritisation processes
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PERFORMANCE OF A BUILDING

A)  SITE CONFORMITY

B)  PERFORMANCE

C) COST AND 
ENVIRONMENTAL
PROPERTIES

LIFE CYCLE  AND  ENVIRONMENTAL IMPACTS

C1 Life Cycle Costs

C1.1 Investment

C1.2 Operation

C1.3 Maintenance

C1.4 Demolition and disposal

C2 Environmental Pressure

C4.1 Biodiversity

C4.2 Resources

C4.3 Emissions
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Sustainable building in design

PERFORMANCE-BASED BUILDING

Demand of
Performance
(requirements)

Supply of
Performance
(functionality)

SERVICE-LIFE DESIGN

Initial 
Performance

Performance 
over time

Declaration and Assessment

Scenario
identifi-
cation

Process
identifi-
cation

Description
Aspects 

Quantification Assessment
Impacts Performance

economic, environmental, socialTrinius 2005

Iwamura 2007
Time-scale of design > 50 yr

Professional and Trade 
Responsibilities
(Functional Gaps)

Building Delivery Process
(Management Discontinuities)

Operational Islands
(Ineffective coordination;
Poor communication)

Fragmentation in Building Delivery ProcessFragmentation in Building Delivery Process

Lee Siew Eang, 2005
Head, Energy and Sustainability Unit
School of Design and Environment
National University of Singapore
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Development Trends in ConstructionDevelopment Trends in Construction

TraditionalTraditional

Design n Build   Design n Build   

Design Build OperateDesign Build Operate

Owner Consultants Contractor F M

Owner Contractor + Consultants F M

Owner Contractor + Consultants + F M

Design, Build
Operate 
and Own

Owner + Contractor + Consultants + F M

Increasing
Degree of
Integration

Lee Siew Eang, 2005

TBP APPLICATION & PROCESSESTBP APPLICATION & PROCESSES

TBP PROCESSESTBP PROCESSES

Brief & Specifications Development

Tendering

Design Development

Construction

Business Model

Commissioning

Post Occupancy Evaluation

Integrated performance 
based commissioning

Client/Users Workshop

Tender preparation & 
development

TBP-driven Design
Development

TBP guided construction

Integrated Building 
Diagnostics

Integrated Facility 
Performance Reports

TBP Design Brief, Specs 
and Documents

TBP Performance-based 
Tender report

Simulation tools 
benchmarks

Performance-based 
objective progress reports

Performance-based Total 
POE report

TBP TOOLSTBP TOOLSSTAGES OF WORKSTAGES OF WORK
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Integration Process and SystemIntegration Process and System

Acoustic Acoustic 
PerformancePerformance

Thermal Thermal 
PerformancePerformance

Indoor Air QualityIndoor Air Quality
PerformancePerformance

Building IntegrityBuilding Integrity
PerformancePerformance

VisualVisual
PerformancePerformance

SpatialSpatial
PerformancePerformance

StructuralStructural
System System 

InternalInternal
SystemSystem

M&EM&E
SystemSystem

EnvelopeEnvelope
SystemSystem

ExternalExternal
SystemSystem

PerformancePerformance
MandatesMandates

Safety and Safety and 
SecuritySecurity

Life-time engineering

• Life-time investment planning and decision-making
• Integrated life-time design
• Life-time procurement and contracting: 

Integrated life-time construction
• Integrated life-time management
• End-of-life management: 

Recovery, reuse, recycling and disposal
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INTEGRATED APPROACH TO LIFETIME STRUCTURAL 
ENGINEERING

OUR KNOWLEDGE

Model, Analyze, Design, Maintain, 
Monitor, Manage, Predict, and Optimize
the life-cycle performance of structures 
and infrastructures 

"Under Uncertainty"
Unexpected 
Epistemic

USE OF PROBABILISTIC METHODS
in Life-Cycle Analysis

Dan M. Frangopol

Context of structural engineering is widening:
- More issues to be taken into account
- Time-scale is expanding to life-time 
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Structural Performance 
Assessment & Prediction

Information from Structural 
Health Monitoring & 
Uncertainty Analysis

Improved 
Structural Performance 

Assessment & Prediction

Optimum Maintenance-
Monitoring-Management 

StrategiesTOOLS

LIFE-CYCLE INTEGRATION

Optimal Decision

Existing and New Civil 
Infrastructure Systems : 

Bridges, Buildings, 
Networks,…

APPLICATIONS

LIFE-CYCLE INTEGRATED 
MANAGEMENT FRAMEWORK

Dan M. Frangopol

Example of scientific basis of life-time engineerin g 

CLASSIFICATION OF
ENVIRONMENTAL LOADS
- Load parameters
- Quantitative Classification
- National parameters

DEGRADATION MODELS
- Probabilistic service-life models
- Reference structure models
- RILEM TC130 models

RELIABILITY BASED
METHODOLOGY
- Generic reliablity
- Generic methodology

CONDITION ASSESSMENT
PROTOCOL
"LifeCon Cap"

METHODS OF OPTIMIZATION 
AND DECISION-MAKING
- Markov Chain method
- Quality Function Deployment 
- Risk analysis
- Multi-attribute Decision Aid 

MR&R METHODS AND
PLANNING OF PROJECTS
- Selection between MR&R 
  methods and materials
- Life-cycle costs
- Life-cycle ecology

GENERIC
TECHNICAL
HANDBOOK

"LIFECON LMS"

- Framework
- Process
- Procedures

ICT TOOLS

Maintenance, Repair & Rehabilitation

LifeCon Project
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Life-time Structural Engineering

aims 
to ensure that the requirements 

of stake-holders of the sector are fulfilled
in technical terms 

during the whole life-cycle of a building or structure. 

It is an integrated approach to design, building, maintenance, 
renovation and demolition of constructions.

It is an essential part of sustainable construction.

HOLISTIC APPROACH TO STRUCTURAL QUALITY 

• Structural safety 
in environmental, accidental, 
extreme and earthquake loading 
cases

• Durability and sustainability 

• Energy-use

• Indoor climate

• Adaptability and accessibility

• Aesthetics  
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COST Action C25 
International Training School 
Sustainable Construction: A Life Cycle Approach in Engineering 
 
 
 
 
 
 
 

 
 
 
 
Environmental Assessment of Buildings  
& Building Material 
 
 
 

 
Mauritz Glauman 
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MALTA – Sustainable Construction 2010

Mauritz Glaumann

Professor, Architect
University of Gävle
Sweden

Environmental assessment of 
buildings & building materials

University of Malta

©Mauritz Glaumann, mga@hig.se

1.0 Sustainability of buildings
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©Mauritz Glaumann, mga@hig.se

THE SOURCE OF SUSTAINABILITY

Bo 01

Sun Earth

The photo synthesis is the engine of life on earth

©Mauritz Glaumann, mga@hig.se

©Mauritz Glaumann, mga@hig.se

SUSTAINABLE DEVELOPMENT

Environmental Economic

Social

The three pillars

100



©Mauritz Glaumann, mga@hig.se

SUSTAINABLE DEVELOPMENT

Social

Econ-
my

Environment

Sustainable Development is dependent on a Reproducing 
Environment, Social Equity and Fair Trade (economy)

Society

©Mauritz Glaumann, mga@hig.se

SUSTAINABILITY OF CONSTRUCTIONS

Particular aspects of the construction works, parts of works, processes or services 
related to their life cycle, can interact with 

� economic impacts, or economic legacy, which extends beyond the life of the 
construction works (investments, profitability, legacy etc.)

� the environment (impacts and depletion of resources)
� society or quality of life (“social infrastructure”, “cultural heritage”  

and “human health and comfort”)

ISO 1593:2008

Different views on 
construction works
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©Mauritz Glaumann, mga@hig.se

CHANGES IN THE ATMOSPHERE

Varela, Santiago

©Mauritz Glaumann, mga@hig.se

METALS
Enhanced content in the ground surface

F
ut

ur
e 

co
nt

am
in
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n 
fa

ct
or

, F
K

F

FKF =
Added amount since bronze age
Natural amount in the surface layer (20cm)

Aluminiumhuset, Bo01, Malmö
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©Mauritz Glaumann, mga@hig.se

DURATION OF ENVIRONMENTAL IMPACT
Recovery of nature

Objects Years
Building ruins 1 000
Nutrification of farm land 300
Acidification 100
Heavy metals in woodland 1 000
Algaes in the Baltic sea 20
Ozone depletion/intensified UV 100
Climate change (greenhouse effect) 1 000
Rising sea level due to global warming 10 000
Ionizing radiation from nuclear waste 100 000

©Mauritz Glaumann, mga@hig.se

GLOBAL ENERGY DEMAND

1 Exa Joule = 10 18 Joule

Else

Bio fuels

Nuclear power
Hydro power

Fossil gas

Coal

Coal CH4/H3

Oil

Current energy use
> 500 Exa Joule/year
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©Mauritz Glaumann, mga@hig.se

CO2 EMISSIONS FROM ENERGY GENERATION

gram CO2 per kWh

©Mauritz Glaumann, mga@hig.se

WHAT IS A SUSTAINABLE BUILDING?

• Which environmental (sustainability) aspects should be considered?
– Low use of resources? 

– No harmful emissions?

– Healthy indoor environment?

– ….

• What level of performance should justify the use of sustainable?
– Relative to others?

– Relative to a carrying capacity, guideline value or similar?

– ….

• Choice of system boundaries?
– Performance purely of building properties? Or….

– …in relation to its site

– …also including use of building 

• Buildings that stimulate a sustainable life style of building users?

• A development process with green buildings as the outcome?
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©Mauritz Glaumann, mga@hig.se

SUSTAINABILITY APPROACH

External impact is caused by flow of energy and matter used to manage the 
property and affecting people, natural resources and ecological systems 
outside the property and often far away and in another time. 

Internal impact is caused by conditions within the property which affects 
people, natural resources and eco systems on the property. 

No negative impacts from buildings 

©Mauritz Glaumann, mga@hig.se

2.0 Low impact principles
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©Mauritz Glaumann, mga@hig.se

ENVIRONMENTAL IMPACT DUE TO USE OF 
BUILDINGS 

Activity/Needs
Heating
Cooling
Lighting

Water/sewage

Maintenance
Cleaning
Gardening
Transports

Environm. impact
Climate change
Acidification
Nutrification
Ozone depletion
Ground ozone
Toxicity

Construction waste
Slag & ashes
Hazardous substances
Radioactive waste

Metals
Fuels
Minerals

Electr. devices

Glass office in Berlin

©Mauritz Glaumann, mga@hig.se

FINDING ENDPOINT PROBLEMS
example: climate change

NEEDS EMISSIONSACTIVITIES MID POINT CHANGES  

Starvation

Malaria/dengue
Cardiovascular 
Respiratory 

Flooding death
People displaced

Decreased forestry

Mechanical work
e.g. transport

Waste 
management

Heating

ENDPOINT PROBLEMS

Combustion
Gasification
Digestion

Emission of 
CO2, CH4, 
N2O and 
other 
greenhouse 
gases

Increased 
content of 
greenhouse 
gases in 
atmosphere

Increased 
ambient 
tempera-
tures

Rise of sea 
level

Increased 
draughts 
and floods

Increased 
sickness

Decreased agriculture

1. Fulfil needs with minimum endpoint problems
2. To facilitate this assess end point

Cause effect chain
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©Mauritz Glaumann, mga@hig.se

TYPICAL FLOWS THROUGH A HOUSE

Energy
Household waste

Waste water
Nutrients:
6,2 kg N
1,5 kg P
1,3 kg K

Air pollutions

Goods
1/3 Compostable
1/3 Reuseable
1/6 BurnablePotable 

water

©Mauritz Glaumann, mga@hig.se

ENVIRONMENTAL EFFICIENCY
for buildings

service 
Environmental efficiency =

env. load

SERVICES OF BUILDINGS 
Home for a number of people
Office for a number of people
Climate shelter
Space for storing/theft security
etc.

ENVIRONMENTAL LOAD OF BUILDINGS
Emissions and waste during the lifespan 
Resource depletion during the life span
Impact on users health and wellbeing

Teknikpark Gelsenkirchen
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©Mauritz Glaumann, mga@hig.se

ASSESS IMPACT PER BUILING FUNCTION

• The lay-out plan have great influence on how energy- and 
environmental impact are comprehended.

• Increase space use efficiency

1
2

m

Change in building depth only affect 
energy use marginally

Building depth

Origionally +1 resident -1m +1m

kWh/m2 58 58 63 53

Change 100% 100% 109% 92%

kWh/resident 1820 1456 1820 1820

Cange 100% 80% 100% 100%

Space use/resident 31,5 25,2 28,8 34,1

Net area, m2 100% 80% 91% 108%

No of residents 4 5 4 4

Ground floor

1st floor

2nd floor

Another bedroom is possible to
Design on the 2nd floor
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THE BUILDING AS A WIND COLLECTOR

Natural ventilation with heat exchange might be possible with wind assistance

Speed enhancement and heat exchange
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PASSIV SOLAR HEATING
Heat storage in the building structure

It is better to actively store heat surplus in water via solar collectors

Passive solar heat is stored as increased interior temperature. This is a disadvantage for
the user. Only a part of the building mass is utilised for heat absorption - ca 10 cm in 
concrete. Increased heat resistance of interior surfaces from carpets, panels, paintings
etc may decrease the capacity of heat absorption very much.
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ENERGY SAVING
Through decreasing indoor temperature when absent 

To be able to increase the operative temperature fast when a room is occupied it 
is necessary that:  

• the indoor temperature can be heated efficient 
• surrounding surfaces has low heat absorption capacity 
or high reflectance of long wave radiation

Ideally should heat be put on as light

50  500
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ENERGY SAVING
Through decreasing indoor temp. when absent 

Heating 5oC, 

kWh

Heat admittance

J/m2, K, s0,5

Envelope 56 913 (mean Lindås)

Indoor air 0,55 500-50000

Ratio 100 0,5-55

Time to heat and distribute the indoor air 
Time to distribute 56 kWh with 0,5 airch/hour

~ 15 min
> 10 hour

10 oC air temp decrease
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ENERGY SAVING
Through heat exchange, kWh/yr

Efficient heat exchange between fresh and exhaust air is important

Holmen, Hammarby sjöstad

Luft
Ventilations-

förluster
Återvin-

ning 
Återvun-

net
Fläkt-
arbete Summa

Andel av 
värmebehov

F-system 5 600 0% 0 1 500 7 100 25%
Självdrag 5 600 30% 1 680 0 3 920 14%
FTX 5 600 85% 4 760 2 000 2 840 10%

Vatten
Avlopps-
förluster

Återvin-
ning 

Återvun-
net

Pump-
arbete Summa

1 800 0% 0 1 800 6%
1 800 30% 540 1 260 5%
1 800 60% 1 080 100 820 3%

Air
Exhaused system
Natural ventilation
Heat exchange

Losses    Reuse  Reclaimed     Fan  Sum 
Fraction

Water
Losses    Reuse   Reclaimed Pump Sum  
Fraction
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The kind of insulation doesn’t mean so much, particularly if it can be reused.

Environmental impact for 1 m2 with same heat resistance  =  same benefit for 
some different insulation materials compared with the environmental impact of 1 
MJ combusted oil (2,6 cl).

With 80% future 
reuse

ENVIRONMENTAL IMPACT FOR DIFFERENT 
INSULATION MATERIALS (EcoEffect) 
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AVAILABLE SOLAR ENERGY IN EUROPE

kWh/m2 horisontal surface and year
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SOLAR ENERGY UTILISATION

PHOTOVOLTAIC CELLS 150

SOLAR HEAT PANELS   400

EVENLY DISTRIBUTED
WINDOWS      100-250 

kWh/m2,år

WINDOWS TO THE SOUTH
40,20,20,20%             130-260 
70,10,10,10%             170-280

15 M VIND TURBINE    300-600
50 000-100 000 kWh/år

BIO MASS
ENERGY WOODS 7
ORDINARY WOODS 2-3

Gelsenkirchen

©Mauritz Glaumann, mga@hig.se

ELECTRICITY SAVING BY PHOTOVOLTAIC 
IN SWEDEN

NCC koncepthus

PV-cells produces during October-Mars 10-20% of the annual value 100 
kWh/m2, i.e. 10-20 kWh/m2,

System 
efficiency 
for PV-cells 
are about 
10%. 

Inclination

In
so
la
ti
o
n

Cumulative 
monthly insolation 
on southern 
surfaces with 
different 
inclination
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PV-CELLS

TYPE MATERIALS EFFICIENCY ELECTRICITY 

PRODUCTION

ENERGY 

PAYBACK, yr

COST

Monocrystalline Silicon, 
Phosphorus, 
Boron

About 15 %  
(14 to 17%)

2

Polycrystalline Silicon, 
Phosphorus, 
Boron

About 12% 
(11.5 to 14%)

15% less than 
mono

1.7 A bit cheaper 
than mono

Ribbon Crystalline Silicon, 
Phosphorus, 
Boron

11 to 13% 25% less than 
mono, 12% less 
than poly

1,5 Cheaper than 
mono

Thin-film Amorphous 
silicon, CdTe, 
CIS, CIGS

6 to 8 % 
(8 to 9 %) 

50% less than 
mono

1 Cheaper
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EUROPEAN WIND RESORCES

Yearly median wind speed at 50m in sheltered landscape.
At sea and hills almost the double.
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POWER RELATIVE TO HEIGHT

10 m

50 m
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WIND ENERGY PRODUCTION
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SWIFT WIND TURBINE

©Mauritz Glaumann, mga@hig.se

LOCAL  ELECTRICITY PRODUCTION
1 m2 photovoltaic and1 m2 wind turbine, Middle Sweden

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Solar 0,05 0,14 0,27 0,36 0,47 0,53 0,47 0,40 0,29 0,17 0,07 0,04
Vind 0,84 0,79 0,45 0,40 0,26 0,40 0,32 0,38 0,46 0,71 0,73 0,84
Sum 0,9 0,9 0,7 0,8 0,7 0,9 0,8 0,8 0,8 0,9 0,8 0,9

Tänkarstuga Bo01, Malmö

kWh per day and month

1 m2 photovoltaic and 1 m2 wind turbine can theoretically cover a crisis need
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3.0 Building assessment approach

©Mauritz Glaumann, mga@hig.se

OBJECTS OF ENVIRONMENTAL ASSESSMENT

• Conditions in the building
The users health, comfort, satisfaction,…

• Conditions on the site
The users health etc and the nature (e.g. biodiversity)

• Impact on the immediate surrounding
Wind, shade, noise, glare,..

• Impact on the far environment
Emissions to air, water, ground, depletion of resources

Life
 cycle
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Management
Environmental Management Systems

Features
Certified wood, Low energy lighting

Innovations
Technical quality
Fuctionality..
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ENVIRONMENTAL ASSESSEMENT SYSTEMS

Criteria systems (no consensus about methodology)
� Identification of significant environmental aspects, for example 
energy use, waste, disposal etc

� Establishing a scale, ex points, -5--+5, A-F, etc
� Setting criteria  for each aspect, ex if A>B gives 2 points
� Aggregation → final rating, ex adding points, >x gives A

Life Cycle Assessment Systems, LCA (standardized procedure)
Developed for products – calculations are depending on a process 
data base
� Inventory of all processes involved
� Decide system boundaries (what to include)
� Gather data about emissions for included processes
� Select indicators (impact categories) and how to calculate them 
from emissions, ex climate change is calculated from CO2 
equivalents

� If rating – aggregation, ex normalization, weighting 
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THE LIFE CYCLE OF A BUILDING
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Secondary function

Activity
step X

Energy 
Material
Transports

Products
Emissions 
Waste

For every activity data on input and output is needed

Sånga-Säby
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Housing fair Bo01, Malmö

LIFE CYCLE IMPACT ASSESSMENT
Life Cycle Inventory (LCI) results – generic and specific

Optional
Calculation of result in relation to reference – normalisation

Grouping
Weighting

Data quality analysis

ISO 14042

Selection of category indicators and characterisation

Calculation of category indicators - characterisation

Assigning of LCI results - classification

Mandatory

LCAI profile
INDICATORS
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RESULT INTERPRETAION

To take decision from a number of indicators with 
different values and units is difficult

Actions to improve under-
standing of the result are: 

– Normalisation – make 
numbers relative through 
division by a reference 

– Weighting – assign weights 
according to severity of each 
aspect (indicator)

Gelsenkirchen, Germany
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NORMALISATION AND WEIGHTING

The Östra Torn School, Malmö

EXAMPLE
region
country
Europe
globe

Aim of normalisation:
• to get relative values
• to drop units

Aim of weighting:
to facilitate addition of indicator values

BASE EXAMPLE
money willingness to pay

costs for elimination
loss of potential production

opinions panel of experts
group of stakeholders
public opinion

damages what nature can sustain
estimate damages
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4.0 Assessment tools
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THE COMMERCIAL LEVER

©Mauritz Glaumann, mga@hig.se

Building prod.     Constr. part                 Building      Real estate    City district

M
a
n
y
 e
n
v
iro

n
m
e
n
ta
l a
sp
e
cts                  Fe

w
 e
n
v.

Environmental load 
profile, ELP (S)

Passive house Standard för 
Energiklassning

Climate neutrality

BEES(US)

Green guide to 
specification (UK)

BVD, Building Product 
Declara-tion (S)

SBTool
German 
Sustainable 
Build. 
Certificate 

SOME ASSESSMENT SYSTEMS

Nordic
Swan
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SOME DIFFERENT KIND OF TOOLS

Checklists, indicators
Environm. right design (S, DK), Environm. Key values Bo01 
(S)

Criteria systems
BREEAM (GB), Sustainable Building Challenge (Int.), LEED 
(USA), Green star (Aus), Casbee (J), Environmental Status 
(S), ByggaBo (S), 

Life Cycle Assessment systems
Eco/Quantum(NL), Beat (DK), Legep (D), EcoEffect (S), 
Envest (GB), Environmental Load Profile (S) – UMIP (DK), 
EPS, Ecoindicator (NL), SimaPro(NL), Gabi(D), etc
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ASSESSMENT STRUCTURES

LEED - NEW 

CONSTRUCTIONS

Final rating Certified - Platinum

Assessed
aspects

Max 
points

Frac-
tion

Energy 9 (3) 17 25%

Material 8 (1) 13 19%

Indoor env. 10 (2) 15 22%

Site 9 (1) 14 20%

Water 3 5 7%

Else 2 5 7%

Total 41 69

Assessment Sum of points

()mandatory

CODE FOR SUSTAIN-

ABLE HOMES

1-6 Stars

Assessed
aspects

Max 
points

Frac-
tion

11 (1) 32 38%

7 (2) 32 15%

4 (1) 12 14%

6 11 14%

4 (1) 10 9%

3 7 11%

35 104

Sum of points + 
weighting

GREEN STAR

1-6 Stars

Assessed
aspects

Max 
points

Frac-
tion

15 (1) 35 26%

12 25 18%

15 27 20%

10 (1) 21 15%

6 16 12%

12 14 9%

70 137

Sum of points + 
weighting

Env. Building 

Rating

A-D

Assessed
aspects

Frac-
tion

4 25%

3 19%

9 56%

0 0%

0 0%

0 0%

16

Priority

EcoEffect 

1-6 Stars

Assessed
aspects

Frac-
tion

9 100%

9 80%

9 20%

0 0%

0 0%

27

Weighting
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TOOL RESULTS
LCA-based tools, example from EcoEffect:

©Mauritz Glaumann, mga@hig.se

5.0 Choice of building materials
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BUILDING MATERIAL TOOLS

Criteria tools

Folksam http://www.folksam.se/dpublic/a0346.nsf/vLookUpFiles/
R0436.pdf/$FILE/R0436.pdf

Byggvarubedömningen http://www.byggvarubedomningen.se/sa/node.asp

Sunda hus http://www.sundahus.se

Basta http://www.bastaonline.se

Byggvarudeklarationer http://www.byggarnas-bvdplats.com/index.php

Life Cycle Assessment tools and databasis, LCA

The green guide to specification http://www.thegreenguide.org.uk/login.jsp

Arkitektur og miljø (2000) Arkitektskolens forlag, Århus, Danmark

Environmental Product Declarations, EPD http://www.environdec.com/pageId.asp
http://www.epd-norge.no

Ecoinvent http://www.ecoinvent.ch/

Bundesministerium fur Verkehr, Bau und 
Stadtentwicklung (D)

http://www.nachhaltigesbauen.de/baustoff-
und-gebaeudedaten/oekobaudat.html

Beat, SimaPro, Legep, etc Licenses needed
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BUILDING MATERIAL ENVIRONMENTAL GUIDE, 
FOLKSAM (S)

1. Natural resources
2. Work environment – production
3. Work environment – construction
4. Use phase
5. Agreement – construction waste
6. Agreement – used products
7. Content of hazardous substances
8. Classified w. respect to health & env.
9. Environmental criteria developed
10.Environmental label
Folksam rating

PVCPVC LinoleumPVC Timber

Products ProductsProducts

Floor coverings

Recommended products
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BUILDING PRODUCT ASSESSMENT
LARGE SW. BUILDING OWNERS (BYGGVARUBEDÖMNINGEN)

CONTENT Weight

1 Innehåll Product content 2

2 Produktion Production 1

3 Råvaror Raw materials 1

4 Distribution Distribution 1

5 Byggskede Construction 1

6 Bruksskede Use 1

7 Rivning Demolishing 1

8 Rest/Avfall Waste 1

9 Innemiljö Indoor environment 1

Each item is assessed with: Recommended, Accepted or Avoid.
Final mark: Recommended if 0 Avoid

Accepted if 1 Avoid
Avoided if  ≥ 2 Avoid

©Mauritz Glaumann, mga@hig.se

GGS – CHOICE OF BUILDING ELEMENTS
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GGS – CHOICE OF CONSTRUCTION

Ratings
A+ to E

Constructions

©Mauritz Glaumann, mga@hig.se

GGS’ ASSESSMENT OF EACH ELEMENT

The Green Guide summary 
ratings are created by the 
aggregation of the thirteen 
individual impacts. 
The individual environmental 
impacts are normalised so that 
they are measured in common 
units, Ecopoint score, weighted 
for their relative importance, and 
then added together. The 
summary Ecopoints are then 
assigned A+ to E ratings.

Climate change
Water extraction
Mineral res. Extraction
Ozone depletion
Human toxicity
Ecotoxicity, water
Nuclear waste
Ecotoxicity, water
Waste depletion
Fossil fuel depletion
Eutrofication
Photochem. Ozone creation
Acidification
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6.0 Building tools

©Mauritz Glaumann, mga@hig.se

SYSTEM LAYOUT - CASBEE

QUALITY & PERFORMANCE 
Indoor Environment 

Noise & Acoustic 
Thermal comfort 
Lighting
Air quality 

Quality of service 
Service ability 
Durability & reliability 
Flexibility & adaptability 

Outdoor environment on site 
Preservation & Creation of biotope 
Townscape & landscape 
Local characteristics & outdoor amenity  

ENVIRONMENTAL OADINGS 
Energy 

Building thermal load 
Natural energy utilisation 
Efficiency in building service
Efficient operation 

Resources and Materials 
Water resources 
Materials of low environmental load 

Off-site Environment 
Air pollution 
Noise, vibration & odour 
Wind damage & sunlight  obstruction 
Light pollution 
Heat island effect 
Loads on local infrastructure  
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SYSTEM LAYOUT - SBTool

Site Select., Proj. Plan. & Developm .
Site Selection
Project Planning
Urban Design and Site Development

Energy & Resource Consumption
Life Cycle Prim. Non-Renew. Energy

Electrical peak demand

Renewable Energy
Commissioning of building system
Materials
Potable Water

Environmental Loadings
Greenhouse Gas Emissions
Other Atmospheric Emissions
Solid Wastes
Rainwater, Stormwater and Wastewater
Impacts on Site
Other Local and Regional Impacts

Indoor Environmental Quality
Indoor Air Quality
Ventilation
Air Temperature and Relative humidity
Daylighting and Illumination
Noise and Acoustics

Functionality
Efficiency of space utilization
Maintenance outside design conditions
Controllability

Long-Term Performance
Flexibility and Adaptability
Maintenance of Operating Performance

Social and Economic aspects
Cost and Economics
Social Aspects

©Mauritz Glaumann, mga@hig.se

SYSTEM LAYOUT - EcoEffect

Internal impact (within the site)
potential problems (risk) for users of a building

External impact (off the site)
due to use of a building –LCA ass.

INDOOR OUTDOOR

Air quality Air quality Climate change

Thermal comfort Ground pollution Stratospheric ozone depletion

Noise Noise Acidification

Light conditions Shade Nutrification

Electromagnetic cond. Windiness Ground ozone formation

Allergy Human toxicity

Joints problem Vegetation Eco toxicity

Sick Building Syndr. Water Radioactivity

Bio productivity Natural resource depletion

Radon Storm water

127



©Mauritz Glaumann, mga@hig.se

BUILDING ENVIRONMENTAL RATING (S)
Building Area Class Aspect Class Indicator Class

SILVER

Energy SILVER

Energy use SILVER Bought energy SILVER

Energy need BRONZE
Heat loss number GOLD
Solar heat load BRONZE

Energy source SILVER Fraction of energy carriers SILVER

Indoor     
environment

SILVER

Noise BRONZE Noise BRONZE

Air quality BRONZE
Radon SILVER
Ventilation BRONZE
N2O to indoor air BRONZE

Moisture SILVER Moist security SILVER

Termal climate SILVER
Thermal climate winter SILVER

Thermal climate summer GOLD

Daylight SILVER Daylight SILVER
Water SILVER Legionella SILVER

Material &   
chemicals

SILVER
Documentation SILVER

Documentation of materials and 
chemicals

SILVER

Verification BRONZE
Verifying that hazardous materials are not 
built in

BRONZE

©Mauritz Glaumann, mga@hig.se

7.0 Building LCA tools
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LCA METHODS FOR BUILDINGS

World exhibition, Hannover

Method Country Indoor Content Weighting Database Web address

Beat DK no LCA Pol. Goals Own http://www.sbi.dk/miljo-og-energi/miljovurdering/edb-verktoj-beat/
Bees US IAQ LCA&LCC Panel Own http://www.nist.gov/bfrl/economics/BEESSoftware.cfm
Becost FI LCA http://virtual.vtt.fi/virtual/proj6/environ/ohjelmat_e.html
EcoEffect S yes LCA&LCC Damage Own http://www.ecoeffect.se/
EcoQuantum NL no LCA Damage IVAM http://www.ivam.uva.nl/index.php?id=373&L=1
Ecosoft A LCA http://www.ibo.at/en/ecosoft.htm
Envest UK no LCA&LCC Panel Own http://envest2.bre.co.uk/

Equer F yes LCA no
Oekoin-
ventare

http://www.cenerg.ensmp.fr/english/logiciel/indexequer.html

Legep DE yes LCA&LCC no Ekoinvent http://www.legep.de
Lisa AU no LCA no Energy http://www.lisa.au.com
OGIP CH LCA http://www.empa-ren.ch/REN%20english/Environment/ogip%203_E.htm
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GENERAL LCA METHODS & DATABASES

Ecobilan FR http://www.ecobalance.com/uk_contacts.php
GaBi4 DE http://www.gabi-software.com/

Sima pro NL http://www.pre.nl/simapro/default.htm
Umberto DE http://www.umberto.de/english/
EPS S http://eps.esa.chalmers.se/

Database Country Webadress
Ecoinvent CH http://www.ecoinvent.ch/
Ecobilan Fr http://www.ecobalance.com/uk_contacts.php
Franklin Associates' US http://www.fal.com/lifecycle.htm
IVAM database NL http://www.ivam.uva.nl/uk/producten/product5.htm
Spine S http://www.globalspine.com/
Athena Cd http://www.athenasmi.ca/

Method CountryWeb-address

Varela building, Santiago, Chile
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Beat
Concrete

©Mauritz Glaumann, mga@hig.se

LEGEP (De)

� Design, construction, quantity surveying and evaluation of existing buildings

� Databases contains all elements of a building, costs and environmental impact 
(Ecoinvent)

� Output: cost, energy, energy- and massflow and environmental indicators

� Environmental indicators: Climate change, Acidification, Ground ozone, Ozone 
depletion, Eutrofication, Radioactivity, Primary energy, Renewable/not 
renewable

Workshop for handicapped, Lindenberg, Germany
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LEGEP
General layout

©Mauritz Glaumann, mga@hig.se

LEGEP
Display of a building material

Mass Primary energy 
renewable

Primary energy 
non-renewable

Climate change Acidification

Kg MJ MJ Kg CO2-equiv. Kg SO2-equiv.

Overview: Plaster
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LEGEP
Comparison of buildings

Solar Building Reference Building

©Mauritz Glaumann, mga@hig.se

ENVEST (GB)

Ecopoints are derived so that the annual 
environmental impact caused by a typical UK 
citizen creates 100 Ecopoints (includes 
weighting). 

Environmental result: 12 indicators or one number - ecopoint 

Envest 2 allows both environmental and financial tradeoffs to be 
made explicit in the design process, allowing the client to optimise 
the concept of best value according to their own priorities 

Two versions:
Envest 2 estimator uses default environmental and financial data 
about the whole life performance of the building.
Envest 2 calculator provides default environmental data but 
allows the user to enter their own capital and lifetime financial cost 
information. 

BRE, Garston
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ENVEST
Display of services

©Mauritz Glaumann, mga@hig.se

ENVEST
Life cycle cost of building parts
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GGS’ ASSESSMENT OF EACH ELEMENT
The Green Guide summary ratings 
are created by the aggregation of the 
thirteen individual impacts for each 
specification to determine an Ecopoint 
score. Very simply, the individual 
environmental impacts are 
normalised so that they are measured 
in common units, weighted for their 
relative importance, and then added 
together. The summary Ecopoints are 
then assigned A+ to E ratings from 
their position within the range of 
summary results for each building 
elemental group. This is done in 
exactly the same way as the 
individual environmental impact 
ratings are calculated.

Climate change
Water extraction
Mineral res. Extraction
Ozone depletion
Human toxicity
Ecotoxicity, water
Nuclear waste
Ecotoxicity, water
Waste depletion
Fossil fuel depletion
Eutrofication
Photochem. Ozone creation
Acidification
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ENVEST (UK)
Environmental impact of building parts
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EcoEffect
- System Boundaries

EXTERNAL  IMPACT
- emissions and depletion-

Energy use

Materials use

INTERNAL IMPACT
- health and biodiversity-

Indoor environment

Outdoor environment
Property border =
System boundary

Apartments, Berlin
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EcoEffect 
assessment of external impact

Data on a building 
(amounts kg, MJ)

Data on an end 
point problem

Load value for a building 
(equivalents)

Damage value for an
endpoint problem 

External 
Load Index

DALY

Solar house, Freiburg

input

Disability Adjusted Life Years
Measures impact on man
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EcoEffect 
Ecoefficiency
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EcoEffect ENVIRONMENTAL PROFILE
Energy and materials use
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EcoEffect INDOOR ASSESSMENT
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EcoEffect  LIFE CYCLE COST
Environmental  related life cycle costs

no and  3 % real price increase

A
V

E
R

A
G

E
 C

O
S

T
 P

E
R

 Y
E
A

R
 

A
N

D
 U

S
E
R

, 
K

K
R

 

137



©Mauritz Glaumann, mga@hig.se

8.0 Examples
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ENERGY USE AND MATERIALS
Lindås passivehouses
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PASSIVE SOLAR HEATING
INSOLATION OF SOLAR HEAT

3
,5
 m

12m
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DESIGN FOCUS

Aim of the design:

“to provide a pleasant indoor 

environment with minimum energy 

use”

• exceptionally well insulated 
• 85% heat recovery
• 5 m2 solar collector per flat

Calculated energy use per apartment
Electricity - household 2900 kWh

Electricity - building service 1000 kWh

Hot water 3000 kWh (50% from solar)

Total 6900 kWh (24800 MJ)

Bought energy 5400 kWh (19400 MJ)
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HEAT BALANCE OF WINDOWS

Large windows towards the south is a loss for energy efficient buildings in Sweden

Heat balance for Lindås south facing windows during 
winter. U-value =  0,85 W/m2,K
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WINDOW DESIGN

Windows with half the size and smaller eave
towards the south  means for Lindås:

Daylight:  better
View: same if moving forward
Solar access: same, 6 hours
Energy use:     10% yearly saving

Size and placing should be decided on need for daylight, solar access and view

Gives the same amount of daylight from overcast sky

DAYLIGHT

VIEWS
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IMPACT FROM BUILDING MATERIALS

With a concrete structure the environmental impact will be doubled.

Choice of materials and reuse possibilities have a large influence on 
the environmental impact of a building.  

ANVÄNT MATERIAL Mängd Spill
kg %

Betong, armerad 1% 59 917 9%
Taktegel 6 793 0%
Gipsskiva 46 089 12%
Spånplatta 2 760 5%
Stenull 4 649 4%
Glasull 2 550 4%
Styren 3 022 8%
 Polyetenfolie (0,2) 121 4%
Trä, gran/ furu 29 028 13%
Summa 154 929 9%
Specifik vikt 282 kg/m2

Bostadsref. EcoEffect 812 kg/m3

0
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SAME BUILDING ASSESSED WITH THREE 
METHODS

The Harbour House, Gothenburg
Residential building
Gross Floor Area 15021 m2
Occupied 2008
Passive house – very low heat losses,
no radiator system, solar heating
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THE ASSESSMENT SYSTEMS AND WHAT IS 
ASSESSED

Building Environmental Rating (S)
Building performance (Scale Bronz-Gold)
• calculated energy demand and source, 
• calculated/measured indoor health & comfort
• indoor questionnaire for best score
• presence of hazardous substances 
User behaviour – measured energy

EcoEffect (Swedish advanced)
Building performance (1- 6 stars)
• Impact from emissions from energy use and 
material production 

• Resource depletion - energy & materials
• Indoor environment with a questionnaire
Life cycle cost

LEED (Green Building Council USA)
Building performance (Certified – Platinum)
• Site
• Energy use and source, water use
• Recycling and reuse of materials
• Air quality, thermal comfort, daylight & views
Procedures
• Commissioning, measurement & verifications
• Innovations and LEED accredited person

5

Novartis entrance
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HAMNHUSET – BUILDING CONCEPT

2

Aims
• To build the first large passive house in Sweden
• To reach a quarter of normal heating demand
• To emit a quarter of normal CO2 emissions
• To create a very good indoor environment
• To have reasonable rents

Solutions
• Highly insulated envelope with no cold bridges
• No conventional heating system
• Very tight envelope and efficient heat recovery
• Environmentally sound and certified materials
• Solar panels for hot water
• District heating for additional heating
• Energy efficient appliances and lighting
• Individual metering of hot and cold water
• No PVC and halogens
•Moisture control and monitoring first year

Cost
• Additional investments for energy saving: 
2,5% = 5 million SEK ~ 550 000 EURO

• Same rent as normal due to low running cost
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BUILDING DESCRIPTION & PERFORMANCE

3

Building data
Gross Floor Area: 15021 m2

No of flats: 115
Expect. no residents: 170
Parking under courtyard

Heating and cooling
Very low heating demand supplied
through preheated ventilation air. 
Energy sources are district heating
and solar panels. No cooling.

Energy
District heating 25 kWh/m2,yr
Building electricity 35 kWh/m2,yr
Solar heating 10 kWh/m2,yr 
Bought energy 60 kWh/m2,yr

Water
Potable water 630 l/m2,yr

Env. impact from energy use
Climate change 2,2 kg equiv CO2/m2,yr
Acidification 9,8 g equiv SO2/m2,yr
Eutrification 19,9 g equiv NO3/m2,yr
Nuclear electricity 0,3 kWh/m2,yr
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ASSESSMENT RESULTS, HAMNHUSET

Building Environmental Rating Silver
Excellent on most issues apart from sound insulation and
thermal climate (summer)

EcoEffect Energy Indoor
Very good on most issues apart from sound insulation and daylight 

LEED Certified/Gold
Top score on energy, poor on reuse of materials 
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Energy

Improve solar shading Ber

Tenants should buy green electricity Ber, EcoEffect

Increase fraction of renewable energy LEED

Indoor 
env.

Improve sound insulation between appartm. Ber, EcoEffect

Improve solar shading Ber, EcoEffect

Improve solar access on several balconies EcoEffect 

Make bathrooms with windows  EcoEffect 

Verify low indoor emissions LEED

Flush out before occupancy  LEED

SUMMARY OF SUSTAINABILITY ADVISES
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HOLMEN, HAMMARBY SJÖSTAD

The old city
8 000 apartments, 10 000 places of work

A spearhead in 
sustainability

Clear contaminated ground

New tram, encourage 
bicycling, restrict private 
car use

Ecocycling of household 
waste, use of renewable 
energy

Reduced use of energy and 
water by 50% (215 
MJ/m2,yr -60 – kWh/m2, 
yr)

etc, etc,…
Stockholm from the south

Household waste sorting

Sweden
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THE BLOCK - HOLMEN

Holmen

Plan From the courtyard

©Mauritz Glaumann, mga@hig.se

THE BUILDING - HOLMEN

Building type Residential 
Owner NCC/Tenant-Owner 

Association
Architect White Architects
Net area                11 011 m2
No of residents 232

Energy (expected) per m2 per user unit

•Bought heating 
energy

31 1484 kWh/yr

•Bought electricity 41 1938 kWh/yr

•Contribution to 
climate change

562 26 853 CO2-
eq./yr

•Contribution to 
acidification

2,5 120 SO2-
eq./yr

•Contribution to 
nutrient load

173 8 285 NO3-
eq./yr

Indoor environment in general (actual)

•Users satisfied with indoor temperature 84 %

•Users satisfied with air quality 98 %
•Users satisfied with sound level 96 %

•Users satisfied with light 94 %
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ASSESSMENT RESULTS

Holmen -CASBEE
1=Acceptable, 3=Good practise

1
2
3
4
5

Q1. 
Indoor e

n...

Q2. 
Quali

ty 
of...

Q3. 
Outdo

or 
E...

LR1. 
Energ

y

LR2. 
Res

our
c..

.

LR3. 
Off-s

ite
 E

...

S
C

O
R

E

Holmen - EcoEffect

0,0
0,5
1,0
1,5
2,0
2,5

Fue
ls

Elec
tri

cit
y

Res
ou

rc
e.

..
Illn

es
s

Disc
om

fo
rt

R
at

io

Energy Material Indoor env.

1=  Reference, 2=Twice as good as ref.

Holmen - GBTool
0=Acceptable Practice, 3= Good Practice, 5= Best 

Practice

-1
0
1
2
3
4
5

A. S
ite

 S
ele

...

B. E
ne

rg
y a

..

C. E
nv

iro
nm

...

D. In
do

or
 E

n..
.

S
C

O
R

E

Note that all 
the scales 
differ!

Good practice

©Mauritz Glaumann, mga@hig.se

9.0 Basic energy and climate change tool
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BASIC LCA TOOL
AIMS

• To provide a basic introduction to the application of life 
cycle thinking in building design.

• To develop a flexible basic MS Excel tool suitable for use 
and further development in different countries with 
different preconditions

• To illustrate an application of the tool to a building

©Mauritz Glaumann, mga@hig.se

BASIC ENERGY AND CLIMATE CHANGE TOOL, BEC

General info

Location
Floor area
Life time

Dimensions

Perimeter
No of floors
Floor height
Window %
Doors  %

Construction

Attic - layers, thickness
Walls - ..
Slabs
Basement
Doors, & windows - U value

Material data

Density
Heat conduction

Material amounts
U-values

Emissions from 

energy 

production

Emissions from 

material 

production

Global warming data 

CO2
Methane
N2O....

Energy  use, kWh/m2, yr

Climate change pot, CO2 equiv/ m2,yr

Lifecycle cost - 2 scenarios,  kr/m2

ILLUSTRATION OF THE 

CALCULATION PROCESS

Building  data input

Output

Permanent data

Cost  (not ready)

Material
Construction
Maintenance
Demolition

Energy source

Oil, ....
Wood
Electricity

Swe. mix
Hydro...

District heating
Stockholm
Gothenburgh
.....

Svenska småhuset Bo01
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BEC RESULT MATERIALS
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BEC LIFE CYCLE RESULT
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BEC EXPLORE
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Save change

Restore to orginal

©Mauritz Glaumann, mga@hig.se

Thank you!

mauritz.glaumann@hig.se
www.ecoeffect.se
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Content

• Approaches to eco-efficiency
• Eco-efficiency in construction 
• Eco-efficient product development
• Eco-efficient building project, 

brief introduction to case-studies
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The WBCSD approach to eco-efficiency

“reached by the delivery of 
competitively priced goods and services that 
satisfy human needs and bring quality of life
while progressively reducing 
ecological impacts and resource intensity
throughout the life cycle to a level at least 
in line with the earth's estimated carrying capacity” –

or “the efficiency with which ecological resources are 
used to meet human needs”. 

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Eco-efficiency ~ sustainability

“reached by the delivery of 

competitively priced goods and 
services that 

satisfy human needs and bring 
quality of life

while progressively reducing 

ecological impacts and resource 
intensity
throughout the life cycle to a level 
at least 
in line with the earth's estimated 
carrying capacity”
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resource efficiency
(efficient use and protection of natural 

resources including ecosystem services

Industrial
ecology 

ac
ce

ss
 

Environmental Imperative
limit throughput

Economic 
Imperative
maintain 
competitiveness

Institutional Imperative
strengthening participation 

Social 
Imperative
safeguard 
cohesion 

jus
tic

e dem
ocracy

eco-efficiency

sharing burden and benefits

care

Industrial

E
cological

Eco-efficiency              sustainability

Spangenberg, J. (2001). Sustainable Development: from catchwords to benchmarks 
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Business journey 

More With Less 

• Eco-Efficiency is a management 
strategy that creates more value with 
less impact, through de-linking 
goods and services from the use of 
nature

R. Van Berkel (2008). Eco-Efficiency: concepts and rationale

d is p e rs io n

c o n tro l

re c y c lin g

p re v e n tio n

sustainabilityEco-
efficiency

Cleaner
production

sustainable developmentenvironmental management

Profit From Waste
Cleaner Production is an operational strategy that reduces 
impacts, costs, risks and liabilities by avoiding the generation 
of waste & emissions
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Source: Klaus Kögler, European Commission, DirectorateGeneral Environment

EU: Decoupling Impacts of Growth
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UN ESCAP Perspectives on eco-efficiency
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UN ESCAP

• Eco-efficiency is about reinventing and redesigning the method 
and manner in which we consume, produce, and fundamentally 
live our lives.

• It is an opportunity to devise innovative solutions for adapting and 
coping within an ever-changing climate.

• However, eco-efficiency is a temporary solution, feasible only as 
far as the transition towards sustainability can be achieved within 
an ever-expanding economy; that is, an economy based on finite 
natural resources and which leads to an increasing rate of 
externalites such as waste, pollution and climate change. 
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The WBCSD approach to eco-efficiency

Seven success factors: 

- reduce the material intensity of goods and services 

- reduce the energy intensity of goods and services 

- reduce toxic dispersion

- enhance material recyclability

- maximize sustainable use of renewable resources

- extend material durability (and product service-life)

- increase the service intensity of goods and services.
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WBCSD - Means for eco-efficiency

• Optimized processes - moving from costly end-of-pipe solutions to 
approaches that prevent pollution in the first place.

• Waste recycling - using the by-products and wastes of one industry 
as raw materials and resources for another, thus creating zero 
waste.

• Eco-innovation - manufacturing "smarter" by using new knowledge 
to make old products more resource-efficient to produce and use.

• New services - for instance, leasing products rather than selling 
them, which changes companies' perceptions, spurring a shift to 
product durability and recycling.

• Networks and virtual organizations - shared resources increase the 
effective use of physical assets.
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UN ESCAP - example

Eco-efficient infrastructure: 
• economically efficient, 
• environmentally sustainable systems that 
• provide citizens with 
• safe and reliable access to shelter, energy, 

transportation, water, proper sanitation and disposal of 
wastes 
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VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Eco-efficiency ratios

• The ratio between economy and environment (WBCSD)

• Outcome from R&D on construction 

impacttalEnvironmen

valueEconomic
efficiencyEco

_

_==− η

pressuretalEnvironmen

ePerformancConformity
efficiencyEco

_

+=−
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Measuring 
eco-efficiency

a guide to reporting company  performance

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Basic and additional indicators

Indicators for product/service value are:
• Quantity of goods or services 
• Net sales

Environmental indicators:
• Energy consumption
• Materials consumption
• Water consumption
• Greenhouse gas emissions
• Ozone depleting substance emissions

Additional 
• financial value indicators
• Acidification emissions to air
• Total waste

Copyright © World Business Council for Sustainable Development
June 2000, ISBN 2-940240-14-0
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Eco-efficiency tool box
Learning unit C: implementing eco-efficiency

DEDICATED TO MAKING A DIFFERENCE

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Typical tools for implementing eco-efficiency

• Organizational/Management
• Environmental Management 

Systems
• Stakeholder Engagement
• Corporate Environmental 

Reporting
• Life-Cycle Management 

• Product Design & Development
• Design for Environment
• Eco-Efficiency Analysis
• Life-Cycle Assessment
• Environmental Risk Assessment 
• Integrated Product Policy (IPP)

• Suppliers/Purchasing
• Environmental Supply Chain 

Management
• Green Procurement 

• Marketing and Communications
• Corporate Environmental 

Reporting
• Eco-Labelling
• Stakeholder Engagement

• Production & Distribution
• Eco-Efficiency Analysis
• Industrial Ecology
• Pollution Prevention 
• Life-Cycle Costing

• Facilities Management/Project 
Development

• Green Building Design
• Environmental Impact 

Assessment
• Environmental Management 

Systems
• Stakeholder Engagement

• Note - Some tools cross over (e.g., eco-efficiency analysis and stakeholder 
engagement could apply across all functions)
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Industrial 
Ecology

Environmental 
Supply Chain 
Management

Industry Government/civil society

Ecological
footprint

Reporting

Product 
Stewardship Life Cycle

Management

Design for environment
/eco-design Life Cycle 

Assessment

Pollution
Prevention

Environmental
Management Systems

Eco-efficiency
Analysis

Risk Assessment

Green
Procurement

Eco-
labeling

Integrated
Product Policy

Extended Producer 
Responsibility

Precautionary
principle

Environmental Impact Assessment

__ not widely 
applied as yet

__ well 
understood 
and applied

__ alternative 
views on 
responsibility

Others

Eco-effectiveness

Factor 4/10

Concept/tool positioning

Source: Pollution Probe - Environmental Sustainability Policy Framework Project
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Observations on the tool box• Adoption of tools being driven by:
�Market factors (e.g. EMS in automotive, labelling)
�Stakeholder expectations (e.g. reporting, stakeholder engagement)
�Regulatory influences (e.g. pollution prevention, ERA, EIA)
�Internal business factors including efficiency, cost reduction, 

innovation (e.g. DfE, LCA, Green Building Design)
�Combination of the above (e.g. procurement, eco-efficiency)

• Tool box varies for different parts of value chain 
• Culture, drivers, strategy, awareness all factors in adoption and depth of 

integration in organizations
• Tools apply at different levels (corporate, operational, product) and selection is 

specific to the organization
• Many tools have inherent value judgments and users need to be aware of this 

(e.g. eco-labels can reflect values of those who develop the selection criteria)

Notes on eco-efficiency tools
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Descriptions of common tools

Eco-efficiency tool box
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Life Cycle Assessment (or Analysis) LCA

• Standardized method to report and evaluate

environmental impacts of any product or process

• Cradle-to-grave approach -> Cradle-to-cradle

• Extended to larger knowledge systems and impact categories

• Analyses different pathways of environmental damages

a) immediate or local impacts (e.g. smog formation)

b) long-term or global concerns (e.g., global warming)

• LCA is an assessment, valuing & decision-making method, not a 
design or engineering method
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ISO LCA standards

• ISO 14040:2006, Environmental management – Life cycle 
assessment – Principles and framework, provides a clear overview 
of the practice, applications and limitations of LCA to a broad range 
of potential users and stakeholders, including those with a limited 
knowledge of life cycle assessment. 

• ISO 14044:2006, Environmental management – Life cycle 
assessment – Requirements and guidelines, is designed for the 
preparation of, conduct of, and critical review of, life cycle inventory 
analysis. It also provides guidance on the impact assessment 
phase of LCA and on the interpretation of LCA results, as well as 
the nature and quality of the data collected. 

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Goal and
scope

definition

analysis
Inventory

assessment
Impact

Interpretation

ISO 14041

ISO 14042
ISO 14043

Life Cycle Assessment & Framework 
(ISO 14040 – updates in 2006)

LCA is an iterative process 
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• Identify unintentional impacts of actions

• Ensure consideration of all environmental media across the life-cycle

• Avoid shifting problems from one life-cycle stage to another, from one 
geographic area to another and from one environmental medium to 
another 

• Identify opportunities to improve the environmental and economic 
performance of the technology, project, product or service in question

• Communicate more effectively with stakeholders on the system wide 
consequences of project or technology options (e.g. to communicate full 
impacts and/or benefits of changes to a product system)

When to apply LCA

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Life-cycle Assessment in Construction - EU

Information pyramid with four levels :
• environmental assessment at site + building level (top level); 
• environmental product declaration (EPD); 
• life-cycle assessment (LCA); 
• life-cycle inventory data (LCI) (lowest level). 

Life-cycle Costing in Construction
• Technique to estimate the total cost of ownership. 
• Relevant economic factors both in terms of initial capital costs and 

future operational and asset replacement cost.
• The Commission has supported the development of an EU-wide 

methodological framework for the estimation of life cycle costs for 
buildings and constructed assets to support contracting authorities, 
private investors and practitioners in the procurement of large-
scale sustainable construction projects.
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Design for Environment (DfE) or Eco-design 

• The integration of environmental considerations into product and 
process design  

• Fundamental to DfE is the use of tools and practices that 
encourage environmental responsibility and simultaneously 
reduce costs, promote competitiveness and enhance 
innovation 

• DfE practices are meant to develop more environmentally 
compatible products and processes while maintaining (and in 
some cases even exceeding) price, performance and quality 
standards

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Eco-design directive, extention 2009

All energy-related products (the use of 
which has an impact on energy 
consumption), including: 

• energy-using products (EUPs): 
products which use, generate, transfer 
or measure energy (e.g. electricity, 
gas, fossil fuel) 

• other energy related products (ERPs): 
products which do not necessarily use 
energy, but have an impact on energy 
consumption (direct or indirect) and 
can therefore contribute to saving 
energy, such as windows, insulation
material or bathroom devices (e.g. 
shower heads, taps). 
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Decision-making process under the Ecodesign directive

• No binding requirements on products by itself: it provides a 
framework (rules and criteria) for setting such requirements 
through implementing measures; the Commission prepares 
implementing measures only for products which have significant 
sales and trade in the EU (indicatively more than 200,000 units a 
year) and a significant environmental impact and potential for 
improvement.

• Self-regulation by industry is a valid alternative to binding 
legislation, under certain conditions (detailed in Annex VIII of the 
Directive). In particular, voluntary agreements by industry have to 
achieve the same objectives as binding legislation (more quickly 
and at lesser expense), include staged and quantified objectives 
and be open to new participants.
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DfE - key elements

• Selection of low-impact materials
• Reduction of energy use
• Optimization of production techniques
• Optimization of distribution system
• Reduction of use phase impacts
• Optimization of initial lifetime
• Optimization of end-of-life system

• In addition, designers are encouraged to produce products which 
lead to less material use (e.g. dematerialization), to pursue shared 
product use (e.g. car clubs or rental services), to integrate product 
functions (e.g. combined scanner, printer, copier, fax), and to 
optimize functions (e.g. better design to reduce over packaging)
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• At the front end of the product development process (e.g. at the 
planning and conceptual design phase)

• Often the design strategies are informed by prior analytical work on 
the life cycle cost and environmental impacts of the previous 
generation of products

• In innovation processes DfE may be used to inform product design 
(e.g. material selection) through the use of design checklists

When to apply DfE/eco-design
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Environmental labelling 

• A broad range of activities ranging from business to business 
transfer of product specific environmental information to 
environmental labelling in retail marketing

• The overall goal of eco-labelling is to encourage the demand for, 
and supply 
of, products and services that are environmentally preferable 
through the provision of verifiable, accurate and non-deceptive 
information on environmental aspects of products and services
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Types of labelling

• “Seal of approval” eco-labelling programs through product category 
definition, development of award criteria and product evaluation 

• Self-declaration eco-labels are based on a manufacturer’s self-
declared claim about a product’s environmental performance 

• Product declarations are informational labels that provide 
environmental data and information on a variety of measures or 
indicators 

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Environmental Labelling - ISO

• ISO 14020 

– Environmental labels and declarations – General principles

• ISO 14021

– Environmental labels and declarations – Self-declared 
environmental claims (Type II environmental labelling)

• ISO 14024

– Environmental labels and declarations – Type I environmental 
labelling – Principles and procedures (product labelling)

• ISO 14025

– Environmental labels and declarations – Type III environmental

declarations
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• When communicating the environmental performance of the 
product or service is of value to customers or other important 
stakeholders

• The choice of which type of label to use should be informed  by an 
understanding of your customer/stakeholder information needs

• Receiving or creating the label may involve a considerable amount 
of data collection 

When to apply eco-labelling
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Cleaner production/pollution prevention

• The continuous application of an integrated preventive 
environmental strategy applied to processes, products and 
services to increase eco-efficiency and reduce risk for humans and 
the environment

• For processes, cleaner production includes conserving raw 
materials and energy, eliminating toxic raw materials and 
reducing the quantity and toxicity of all emissions and wastes 
before they leave a process 

• For products, the strategy focuses on reducing impacts along 
the entire life-cycle of the product, from raw material extraction 
to the ultimate disposal of the product

Source: Cleaner Production, UNEP Industry and Environment, UNEP 1994
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Cleaner production – key elements

• Cleaner production is a broad term encompassing the following 
concepts:

• Waste minimization and avoidance
• Pollution should be prevented or reduced at the source 

whenever feasible
• Environmental management
• Substitutions for toxic and hazardous materials 
• Process and product modifications 
• Internal reuse of waste products

VTT TECHNICAL RESEARCH CENTRE OF FINLAND

• When the company has set a strategic direction to improve the 
overall eco-efficiency performance of its products and processes

• Adopting a cleaner production approach involves considerable 
adjustment to decision-making across a range of business 
processes and functions

When to apply cleaner production
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Green procurement

• The procurement of goods and services that have less impact on 
the environment (e.g. conserve energy, reduce waste, etc.) than 
other products or services meeting similar performance 
requirements
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Green procurement – key elements

• Incorporate environmental considerations as part of the normal 
purchasing process

• Incorporate pollution prevention principles early in purchasing 
process

• Examine total multiple environmental impact throughout the 
product and service’s life-cycle

• Environmental impacts should be compared when selecting 
products and services

• Comprehensive, accurate and meaningful information about the 
environmental performance of products and services should be 
collected in order to facilitate environmentally sound decision-
making
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• When there is a clear opportunity to reduce risks, integrate broader 
cost considerations or leverage environmental performance 
through procurement

• Pursuing green procurement may involve adjusting tendering 
processes, altering contract language, training procurement 
officers and developing evaluation criteria and tools

When to apply green procurement
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EU’s Glossary 

• Sustainable Public Procurement: contracting authorities take into account all 
three pillars of sustainable development when procuring goods, services or 
works at all stages of the project.

• Green Public Procurement: contracting authorities take into account 
environmental elements when procuring goods, services or works at all 
stages of the project and within the entire life-cycle of procured goods. 

Practical differences
• The relevance and practical application of the environmental aspects of a 

public procurement can be demonstrated rather easily. Green requirements 
can be specified in the technical demands for the production technology and 
the selection of materials. 

• The relevance and specification of social and ethical aspects of sustainable 
procurement is much more difficult to demonstrate as it is often difficult to 
demonstrate their effect on the characterisation of the final product. 
Additional problems arise in terms of objective verification and quantitative 
benchmarking of effects and benefits that would allow for accurate and fair 
evaluation of tenders. 
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Environmental supply chain management 

• A range of detailed environmental requirements companies (in 
particular manufacturers) are placing on their suppliers, including 
Environmental Management Systems and Design-for-Environment 
programs, restricted material lists, component take-back 
commitments, requests for life-cycle data and performance 
disclosures
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Life-Cycle Management (LCM)

“A flexible integrated framework of concepts, techniques and 
procedures to address environmental, economic, technological and 
social aspects of products and organizations to achieve continuous 
environmental improvement from a life-cycle perspective”

Source: Life Cycle Management: Definitions, Cases Studies and Corporate Applications. Society of Environmental Toxicology 
and Chemistry (SETAC), Working Group on Life Cycle Management. 
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ISO & Environmental Management

• SC 1 - Environmental management systems
• SC 2 - Environmental auditing and related 

environmental investigations
• SC 3 - Environmental labelling
• SC 4 - Environmental performance evaluation
• SC 5 - Life cycle assessment
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Implementation areas in construction

• Construction materials: 
saving in consumption of non-renewable resources

• Construction products and structures: 
resource-efficiency, energy-efficiency, cradle-to-cradle for product 
development and design

• Construction sites: 
reduction of waste, consumption of energy

• Design for eco-efficient operation and use (”performance-based 
approach”): 
saving in energy consumption, utilization of renewable energy 
technologies, reuse of solid and biowaste

• Design for All: 
non-emitting construction products, usability
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Eco-Innovation

• Eco-innovation - making sustainable development 
become a business reality

• Eco-innovation is a fairly recent business & technology 
area 

• Production, assimilation or exploitation of a novelty in 
products, production processes, services or in 
management and business methods, which aims, 
throughout its life cycle, to prevent or substantially 
reduce environmental risk, pollution and other negative 
impacts of resources use (including energy use).
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Eco-innovative product development
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Function  Tool 
Organizational/ 
Management 
 

– Environmental Management Systems 
– Stakeholder Engagement 
– Corporate Environmental Reporting 
– Life-Cycle Management  

 
Product Design 
& Development 
 

– Design for Environment 
– Eco-Efficiency Analysis 
– Life-Cycle Assessment 
– Environmental Risk Assessment  
– Integrated Product Policy (IPP) 

 
Suppliers/ 
Purchasing 

– Environmental Supply Chain 
Management 

– Green Procurement  
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Material efficiency

Product
palette

Energy
Efficiency

Technology Push

Existing environmental lawProduct quality

Regulatory Push

Expected Regulation

Eco-Innovation

Market Pull
Image

Labour CostsNew Markets

Competition

Customer DemandMarket share

Occupational Health

Commercial application of knowledge 
and technologies for ecological improvements

Environmentally conscious consumption

Environmental regulation 

Environmental business 

Environmental technologies 
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Applied research
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Concurrent R&D&I
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Construction product

Fitness for purpose

Fitness for design process

Fitness for building process

Fitness for manufacture

Performance competitiviness

Cost competitiveness

Technical competitiviness

Service competitiviness

Added-value for supply networks

Added-value for contracting
networks

Functional competitiveness

Regulated requirements
Market expectations

Prime technologies and 
business models

Added value for end-users

Skills, knowledge, tools 
and machinery

Design information and 
data, design service

BUSINESS CUSTOMERS

TECHNOLOGY PUSH

BUSINESS CUSTOMERS
OCCUPANTS

MARKET PULL

Competitive
edge

MANUFACTURER

CONSTRUCTION

BYER OF END PRODUCT

REAL ESTATE SECTOR

CUSTOMER-
ORIENTATION

Supply networks

Framework for eco-efficiency in product development

Eco-efficiency
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Eco-efficient building project
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Sustainable design

PERFORMANCE-BASED BUILDING

Demand of
Performance
(requirements)

Supply of
Performance
(functionality)

SERVICE-LIFE DESIGN

Initial 
Performance

Performance 
over time

Declaration and Assessment

Scenario
identifi-
cation

Process
identifi-
cation

Description
Aspects 

Quantification Assessment
Impacts Performance

economic, environmental, socialTrinius 2005

Iwamura 2007
Time-scale of design > 50 yr
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Function  Tool 
Marketing and 
Communications 

– Corporate Environmental Reporting 
– Eco-Labelling 
– Stakeholder Engagement 

 
Production & 
Distribution 
 

– Eco-Efficiency Analysis 
– Industrial Ecology 
– Pollution Prevention  
– Life-Cycle Costing 

Facilities 
Management/ 
Project 
Development 
 

– Green Building Design 
– Environmental Impact Assessment 
– Environmental Management Systems 
– Stakeholder Engagement 
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Basic features of LCA of buildings

• Data and information of materials and components might be poor

• Whole-building performance approach – applicable e.g. for energy-
efficiency

• System boundaries can be chosen to support comparisons between various 
solutions

• Issues can be chosen to cover all dimensions of sustainability

• No standard method to select indicators or decide about the indicators –
however, the generic framework of ISO is to be applied

VTT TECHNICAL RESEARCH CENTRE OF FINLAND
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Environmental Sustainability
Modular Construction vs. Traditional Construction

Advantages of modular construction

Less time consuming

- Components pre-assempbled in factory

- More efficient construction process

- Construction processes is less time consuming

- Minimization of spill/waste in the production process 

Cleaner construction

- Elements assembled in factory under controlled 

environmental conditions.

- Less waste and noise on the construction site.

- Reduced storage space, the products are delivered at the assembling time.

- Lean construction.

Earlier return of the investment

Reduced demands of the 

skilfull work force in situ

Building-overview

Bill of material
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Construction technologies

Environmental Sustainability
Modular Construction vs. Traditional Construction
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Sustainability: concept

• Definition:

– “[...] a method of harvesting or using a resource so that the resource is not depleted or 

permanently damaged.”, Merriam-Webster Dictionary.

– “Sustainable development is development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs.” , Brundtland 
Commission, 1987.

Sustainability: concept

• The 3 Pillars
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Eco design

– Reduced risks for the public.

– Advantages for business, industry and government.

– Example from high-developed countries.

– The trend, green industries, green technologies.

Environmental dimension on construction industry

• Why?
– Volume and nature of the sector

– Impacts vs. Productivity

• How?
– Green Building: “is the practice of creating structures and using processes that are

environmentally responsible and resource-efficient throughout a building's life-cycle: from sitting

to design, construction, operation, maintenance, renovation, and deconstruction”
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Sustainability assessment

• The construction sector focus on environmentaly sustainable product 
and processes.

• Need for a new european regulation
– Current ISO and CEN regulation only give general rules on sustainable construction

– Inexistence of a consensual and unified method to calculate the environmental 
performance of a building

– Ability to compare the environmental performance of buildings with similar function 

• CEN/TC350 – prEN15978: Sustainability of construction works -
Assessment of environmental performance of buildings - Calculation 
method

prEN15978 – Calculation method

• Purpose: “provide calculation rules for the assessment of the environmental 

performance of new and existing buildings”

• Methodology based on a Life Cycle Assessment
– Product Stage

– Construction Stage

– Use Stage (Building, Energy, Water)

– End of Life Stage

• Origin of data
– Environmental Product Declaration (EPD)

– Other sources (LCA studies,etc.)
• Database from LCA software (GaBi, Gemis, BEES)
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prEN15978 – Calculation method

• Data type
– Quantitive impacts of listed indicators by process and stage

• Methodology
– Matrix calculation

Case study: Residential modular building

• Products 
– Structural

• Hot rolled steel profiles (main structure)

• Cold formed steel profiles (module substructure)

• Reinforced concrete (foundations)

– Non-structural
• Gypsum board

• Mineral wool

• Plastic Film

• Steel sheets

• Glass (doors and fences)

• Wood (doors, stairs and balcony)

• Lift

• Windows
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Case study: Residential modular building

• Products
– Energy

• Heating

• Cooling

• Ventilation

• Hot water

• Building automation and control

• Lighting

– Water

Case study: Residential modular building

• Processes
– Transportation

• Truck trailer

• Roller

• Excavator

– Groundworks
• Excavator

• Roller

– Structure construction
• Crane

• Cement mixer
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Case study: Residential modular building

• Processes (cont.)
– Maintenance

• Painting

– Repairment
• Gypsum board

• Sandwich panels

– Replacement
• Windows

• Wood doors

• Glass doors

• Plywood (floor)

Case study: Residential modular building

• Indicators of environmental impacts
– Climate change (CO2 equivalent)

– Destruction of the stratospheric ozone layer (CFC-11 equivalent)

– Acidification of land and water resources (SO2 equivalent)

– Eutrophication (Phosphate equivalent)

– Formation of ground level ozone (Ethylene equivalent)

– Use of non-renewable resource (kg)

– Use of renewable resource (kg)

– Use of reuse/recycled resources (kg)

– Use of non-renewable primary energy (MJ)

– Use of renewable primary energy (MJ)

– Use of freshwater resource (m3)
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Case study: Residential modular building

• Indicators of environmental impacts (cont.)
– Components for reuse (kg)

– Material for recycling (kg)

– Material for recycling (kg)

– Material for energy recovery (kg)

– Non-hazardous waste to disposal (kg)

– Hazardous waste to disposal (kg)

– Radioactive waste (kg)

Scenarios of the energy supply

Case Study 1 (Luleå)

Scenario 1 – Combined Heat and Power Plant (CHP)

Scenario 2 – Combined Heat and Power Plant (CHP) + Ground Heat Pump (GHP)

Scenario 3 – Hydroelectric Power Plant (HPP) 

Scenario 4 – Hydroelectric Power Plant (HPP) + Ground Heat Pump (GHP)

Scenario 5 – Nuclear Power Plant (NPP)

Scenario 6 – Nuclear Power Plant (NPP) + Ground Heat Pump (GHP)

Scenario 7 – Energy Source Mix 1, CHP (45%) + HPP (45%) + GHP (10%)!!!!! 

Scenario 8 – Energy Source Mix 2, CHP (40%) + HPP (40%) + NPP (20%) + GHP
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Case study 1: Base Scenario

Case study 1: Base Scenario
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Case study 1: Base Scenario

Case study 1: Base Scenario

• Higher impact process/product:
– Energy needs during Use Stage

• Solution to diminish impact:
– Reduction of energy production’s CO2 emission (upstream processes)

• Change the source of energy

– Minimize the consumption of energy during Use Stage
• Assume microgeneration

• Need to develop new scenarios
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Case study 1: Scenarios analysis

Case study 1: Scenarios analysis
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Energy use needs
• Due to several particular aspects of each country

the energy needs vary: clime, development, 

population habbits, etc

• According to Organisation for Economic 

Cooperation and Development (OCDE) 

construction industry, in the stages of production

and tranport of construction materials, consumes 

from 30% to 40% of total energy producted

worlwide

• International Energy Agency (IEA,2004) estimates 

that in developed countries a third of consumed 

energy is destinated to heating, cooling, lighting 

and equipment. The use stage of building’s life 

cycle is by far the most consumer.

• Buildings are one of the three most energy 

consumers sectors on earth and is rising! 

(IEA,2004)

Measures  have to be taken!!

Environmental Sustainability
Energy consumption – sustainability indicator

Environmental Sustainability
Energy consumption – sustainability indicator

Impacts of energy production

• For a long time, and still in some countries 
nowadays, the electrical energy production sources 
were only coal and oil. 150years of dependence 
which had a severe effect on environment.

• Nuclerpower is very effective in terms of CO2 
emissions and other category impacts, but the risk 
of potential explosion and the radioactive waste 
make it a bad option in terms of environmental 
sustainability.

• Renewable energy resouces as wind, geothermal, 
biomass and solar start to be used in some 
countries.  Portugal (hydro and wind) and Sweden 
(hydro and geothermal) are good examples.
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Environmental Sustainability

Environmental Sustainability

199



Energy Efficiency – The demand

• Energy needs in buildings during use stage should be 
reduced and energy efficiency has to be achieved.

• To reduce energy losses and promote energy 
efficiency on buildings, codes and norms to check and 
aprove energy efficiency should enter into force and 
take place in countries laws. (RCCTE Decree-Law 80/2006, 
portuguese code of practise for buildings energy efficiency certification –
applied in this study)

• Portuguese code provides a classification for the 
buildings energy efficincy. Label A+ is the higher 
classification and G the lower.

• The classification depends on the requirements 
verification margin.

• In the case study the label obtained was A+!!

A

Environmental Sustainability
Energy Efficiency – sustainability indicator

Case study 2: Location Coimbra, Portugal

Energy supply
• Scenario 1 – Energy Source Mix, Coal (11,3%) + Hydroelectric (12,6%) + Oil (54%) + Wind 

(7,1%) + Gas (15%) + Solar Power (70% of Domestic Hot Water)

• Scenario 2 – Energy Source Mix, Coal (11,3%) + Hydroelectric (12,6%) + Oil (54%) + Wind 

(7,1%) + Gas (15%) + Solar Power (70% of Domestic Hot Water) + Natural Gas Boiler (30% 

of Domestic Hot Water)

• Scenario 3 – Energy Source Mix, Coal (3%) + Hydroelectric (25%) + Oil (31%) + Wind (19%) 

+ Gas (22%) + Solar Power (70% of Domestic Hot Water) + Natural Gas Boiler (30% of 

Domestic Hot Water) + Cooling Pump (Cooling Needs)

• Scenario 4 – Energy Source Mix (20% of Lighting, Ventilation and Building Automation), 

Coal (3%) + Hydroelectric (25%) + Oil (31%) + Wind (19%) + Gas (22%) + Solar Power (85% 

of Domestic Hot Water, 46% Heating) + Biomass Boiler (15% of Domestic Hot Water, 54% 

Heating) + Cooling Pump (Cooling Needs) + Photovoltaic (80% of Lighting, Ventilation and 

Building Automation)
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Case study 2 – Base Scenario

Case study 2 – Base Scenario 
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Case study 2 – Base Scenario 

Possible improvements

• Base Scenario analysis (I)

• MAIN ISSUE - Energy

– Electricity source : energy mix of primary energy 

resources (DGGE, 2007) 
• Heating 

• Cooling

• Domestic hot water ( 30% )

• Lighting

• Ventilation

• Building automation and control 

– Solarpower from solar panel system placed on the roof (obligation – RCCTE)
• Domestic hot water ( 70% )

– RCCTE requires a solar panel system with a minimum of N m2 being N the number of occupants
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• Base Scenario (I)

– Main problems identified:
• Impact of energy production on climate change during building’s total life cycle

• Analysing all processes and products the energy produced to supply building’s needs
represents a big part of total climate change impact

– Possible solutions:
• Reduce the use of non renewable energy resources (coal, oil and gas) and promote the 

energy production with renewable resources (hidro, wind, biomass and solar).

• Promote the use of more efficient local equipments to convert the wind/solar energy into 

electrical energy.

Possible improvements

• New scenarios to improve the building’s environmental performance:

• Scenario II
– Electricity source : energy mix of primary energy resources (DGGE, 2007)

• Lighting

• Ventilation

• Building automation and control

– Solarpower from solar panel system placed on the roof (obligation – RCCTE)
• Domestic hot water ( 70% )

– RCCTE requires a solar panel system with a minimum of N m2 being N the number of occupants

– Natural Gas Boiler with conversion efficiency 0,98 (disavantage of gas fueled)
• Heating 

• Domestic hot water ( 30% )

[2]

Possible improvements
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• New scenarios to improve the building’s environmental performance:

• Scenario III

– Electricity source : energy mix of primary energy resources (DGGE, 2010)
• Lighting

• Ventilation

• Building automation and control 

– Solarpower from solar panel system placed on the roof (obligation – RCCTE)
• Domestic hot water ( 70% )

– RCCTE requires a solar panel system with a minimum of N m2 being N the number of occupants

– Biomass Boiler 
• Heating 

• Domestic hot water ( 30% )

– Cooling Pump with conversion efficiency 3 !!
• Cooling

[1&2]

[2]

[1]

Possibe improvements

• New scenarios to improve the building’s environmental 

performance:

• Scenario IV
– Electricity source : energy mix of primary energy resources (DGGE, 2010)

• Lighting (20%)

• Ventilation (20%)

• Building automation and control (20%) 

– Electricity source : photovoltaic panels system placed on the roof
• Lighting (80%)

• Ventilation (80%)

• Building automation and control (80%)

– Solarpower (more area) from solar panel system placed on the roof
• Domestic hot water ( 85% )

• Heating (46%)

– Biomass Boiler 
• Heating (54%) (winter – needed  support)

• Domestic hot water (15%) (Winter – needed support)

– Cooling Pump with conversion efficiency 3 !!
• Cooling

[1 & 2]

[1]

[1]

[2]

[1]

Possible improvements
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Case study 2: Scenarios Comparison

Case study 2: Scenarios Comparison
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Case study 2: Scenario 4

Case study 2: Scenario 4
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Case study 2: Scenario 4

Environmental Sustainability
Solarpower energy resource

•Solar panel system
•Placement

•On the roof

•System description
•Scheme

•Área of solar panel colectors
•200m2

•Annual Energy production
•89775Kw.h/year 

•Investment
•Arround 44.000€ or 421.000Kr

•The graphic shows the economic viability analysis
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Environmental Sustainability
Solarpower energy resource

•Solar panel system
•Placement

•On the roof

•System description
•Scheme

•Área of solar panel colectors
•200m2

•Annual Energy production
•89775Kw.h/year 

•Investment
•Arround 44.000€ or 421.000Kr

•The graphic shows the economic viability analysis

Environmental Sustainability
Solarpower energy resource
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• Photovoltaic panel system

• Placement:
– On the ground

– On the roof

• System (most expensive parts)
– Panels system

– Accumulators

• Key  points
– Big investment

– Good solar exposure

– The efficiency of these systems are in certain ways not well 
known

Environmental Sustainability
Solarpower energy resource

solution Possibility of amortization by selling part of produced energy to the public network with an 
interesting rate during the first years ( PT Decree Law 363/2007, 2November)

The building is oriented to south and Coimbra has good sun exposure! Should 
take advantage of the geographic position!!

Environmental Sustainability
Solarpower energy resource
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• Photovoltaic panel system

• Economic viability analysis
– System description:
– -184 panels of 160W – arround 245m2

– -Accumulators, inverters, electrical instalation etc.

– -Connection to the public network

– Energy produced:

– 44320Kw.h/year – more than the annual needs for lighting, ventilation and building automation and control

– Estimated investment taking into account the  Portuguese governmant incentives : 160.000€ or 1.530.000Kr

– Assumptions:

– Was assumed that, for energy selling, the limit of maximum power installed is higher for this type of building than the current law 
allows (until now the current law don’t take into account  big residential buldings, only familiar houses )

– The graphic shows that the investment can be amortized after 7 years! Despite this all the conclusions  depend on the 
evolution of solar power energy laws to be sure of a good investment!

Environmental Sustainability
Solarpower energy sources
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– Was assumed that, for energy selling, the limit of maximum power installed is higher for this type of building than the current law 
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– The graphic shows that the investment can be amortized after 7 years! Despite this all the conclusions  depend on the 
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Environmental Sustainability
Solarpower energy sources
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Environmental Sustainability
Solarpower energy sources

Case studies: Comparison

• Comparative analysis between case studies:
– Case study 1 – Luleå (Mix 1)

– Case study 2 – Coimbra (Scenario IV)
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Case studies: Comparison

Case studies: Comparison
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Case studies: Conclusions (GWP)

• Energy consumption is the major source of CO2 impact.

• The Product Stage is the most harmful period during the building’s life cycle (Lulea’s case 
study); for Coimbra’s case the Use Stage (Energy) is the most harmful.

• Different energy sources influence strongly the total environmental performance.

• Despite higher energy consumption of the “Luleå building” its impacts (CO2 emissions) are 
lower than of the “Coimbra building” due to the better efficiency of energy production.

• Micro generation of the energy is an effective way to reduce operating costs.

• Modular construction may offer a competitive and economical solution by reducing 
production and construction environmental impacts, as well as the total costs.
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A. General: The Existing Buildings

A. General: The Existing Buildings

Assessment of the Existing Buildings:

� Original & Intended Use.
� Previous other uses of the Building.
� Proposed Use.
� Flexibility of the spaces & Future Adaptation.

Objective: 

To Rehabilitate and Restore a 20th century Building complex, giving it a new use 
and a new function, through a structured and sustainable intervention, whilst 
retaining its Architectural integrity.
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A. General: The Existing Buildings

The Site

� The Site covers an area of 15ha and 
is located in the Xrobb l-Għaġin
peninsula situated to the southeast of 
the island of Malta. 

� It is surrounded by agricultural land 
and the sea. The nearest town/village 
is Marsaxlokk, which is circa 2.5km to 
the west.

� The site follows the boundaries of the 
grounds of the former Deutsche Welle
radio relay station, 

A. General: The Existing Buildings

The Site

� It is bordered by a boundary wall on 
the landward side, and by coastal 
cliffs along the seaward margins.

� The majority of the Site is comprised 
of the Upper Globigerina Limestone 
member, with the Middle Globigerina 
member being exposed along cliff 
margins and cliff faces.
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The Xrobb l-Għaġin Nature Park is located on 
one of the promontories in the Delimara
peninsula.  

The accessibilty to Xrobb l-Ghagin from the 
Marsaxlokk area.

A site of conservation value. Scheduled as Level 
2 - Area of Ecological Importance. 
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The Xrobb l-Għaġin area is also the Site 
of prehistoric remains (Xrobb il-Ghagin site)
and a military post from the British period. 

Historic sites in Xrobb il-Ghagin & surrounding areas :
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A. General: Existing Buildings

The Existing Buildings:

� Between 1974 and 1996, the Site was the location of a Relay Station of Deutsche Welle–Radio 
(DW-R), which covered the Near Middle East and North African Region for transmissions in the 
German, English, Arabic, and some other languages.  Initially, the station was also used by Radio 
Canada International. 

� The station consisted of a complex of buildings which housed the main activities of the operation 
and three small outbuildings.
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A. General: The Existing Buildings

� Following the DW-R’s departure from 
Malta, the station building and the 
surrounding grounds were made 
available to Fish & Fish Ltd, which used 
to operate their blue-fin tuna farming 
from the station buildings. 

� The buildings forming part of the 
complex, remained in use until 2006.

� The existing buildings were left in a 
state of disrepair, prior to the 
commencement of the rehabilitation 
project.

A. General: The Existing Buildings

Architectural Value:

� The station complex is considered to be of architectural importance, as the main building
includes features that were typical of 1960s and 1970s architecture, and which are rare in Malta.
The massing of the complex is also interesting.

� The complex was designed by the late Deutsche Welle Architect Willi Schalenbach, who was
represented in Malta by Perit Louis Naudi.

� Important regional role played by Malta in the second half of the twentieth century in the
development of international telecommunications. The relay station was the second of DW-R relay
stations to be put into operations. In the first year of operations, the facilities were used by Radio
Canada International, and later by the Voice of the Mediterranean.

Restoration:

The expert restoration of the buildings in this complex and the implementation of well-designed
landscaping scheme has substantial potential to result in a scheme of architectural value.

Reference: Construction Management Plan; P Gauci et. al.
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B. Rehabilitation & Reconstruction

B. Rehabilitation & Reconstruction

General

� Architectural & Planning Considerations.
� Proposed Use of the buildings
� Site Location & Landscape Considerations.
� Accessibility Considerations.
� Resources conservation & Waste Management
� Energy Efficiency

Advantages of Reconstruction:

� Allowance for easier adaptation of spaces, accessibility.
� Completed in shorter timeframes.
� Allows for easier adaptation of structural elements and materials.
� Better intervention on building defects.
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B. Rehabilitation & Reconstruction

Advantages of Rehabilitation

� Architectural Value of the Complex

� Conservation of Natural Resources.

� Reduction of Waste generated.

� Adaptation of an existing building to a new use.

� Lower overall Environmental Impact*

* Note: A comprehensive assessment is necessary to identify the 
Environmental Impacts, and to quantify them.

C. Structural Assessment.
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C. Structural Assessment.

Scope of the Assessment:

� The scope of the assessment was to carry out a detailed investigation of 
elements of the buildings at Xrobb il-Ghagin and in particular to assess the state 
of the elements and structures. 

� Various defects are noted in the structural elements, particularly:

� The deterioration of various reinforced concrete elements and structures. 
Defects include the spalling of concrete and exposed corroding 
reinforcement.

� Cracks in walls, defects in masonry due to alterations in the building, and 
exposure.

C. Structural Assessment.

Structural Assessment Methodology:

1. Inspection followed by a detailed and structured Survey of all the structures and 
structural elements.

2. Mapping out of the state of the structure and materials on drawings. Re-
verification and assessment of the structural defects.

3. Classification of the structural defects, with respect to material, location in the 
structure, type of defect.

4. Testing Plan for the assessment of materials and quantification of material 
properties.

5. Assessment of the test results with respect to the extents of the defects.

6. Intervention Strategy for repair.
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C. Structural Assessment.

Investigation Phase A.

� An investigation of the buildings was conducted during December 2006 and January 
2007. The investigation included in particular the following;

1. Visual investigation of the Structures

2. Detailed Photographic Survey.

3. Record and assessment of the Existing structural systems.

4. Record and classification of defects.

C. Structural Assessment.

Investigation Phase B:

� The investigation includes the extraction of reinforced concrete cores and subsequent 
testing, in order to obtain data regarding the materials used in the structures, and to obtain 
more information regarding the state of the concrete.

1. Extraction of concrete cores from structural elements, and the 
determination of concrete compressive strength.
2. Determination of the depth of carbonation.

� Assessment on the basis of the results obtained, and proposals for restoration and or 
reconstruction of structural elements.

Reinforced Concrete investigation: Normative References

� The concrete cores assessment: in accordance with the following standard: MSA EN 
12504-1:2000 (Testing of Concrete in Structures – Part 1: Cored specimens – Taking, 
examining and testing in compression). 

� The Standard specifies a method for taking cores from hardened concrete, their 
examination, preparation for testing and determination of the compressive strength. 
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C. Structural Assessment.

C. Structural Assessment.
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C. Structural Assessment.

C. Structural Assessment.
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C. Structural Assessment.

C. Structural Assessment.
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C. Structural Assessment.

C. Structural Assessment.
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C. Structural Assessment.

Structural Systems.

� The structures consist of load-bearing masonry structures. The walls in general consist 
of soft stone masonry blockwork. 

� Structural roof systems include various typologies namely the following;
1. Reinforced concrete cast in situ slabs.
2. Inverted T beams & concrete blockwork slabs (Single beam system).
3. Inverted T beams & concrete blockwork slabs (Double beam system).

� Other reinforced concrete elements noted in the structure of the buildings include the 
following;

� Reinforced concrete ground slabs
� Reinforced concrete suspended ground slabs
� Reinforced concrete roof edge beam
� Reinforced concrete cantilever
� Reinforced concrete features

C. Structural Assessment.

Assessment of damages: Reinforced concrete elements.

� Defects in the reinforced concrete varied in extent. Structural elements extensively 
deteriorated, (in the case of the reinforced concrete canopies, the concrete is practically 
completely detached from the steel reinforcement). The steel reinforcement was noted to 
be corroded, leading to spalling and detached concrete. 

� Spalled concrete due to the corrosion of the steel reinforcement was noted in the 
concrete  roof edge beams. In some cases this resulted in detached concrete from the 
edge beams, and exposed reinforcement. Similar defects in roof water drains. 

� Spalled concrete and deteriorated finishes to concrete were noted in general. Window 
sills and window and door lintels were noted to be cracked due to the corrosion of 
reinforcement. 
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C. Structural Assessment.

Assessment of damages: Roof Structural Elements

� In specific areas, the roofs were noted to be excessively deflected possibly due to 
excessive loading in its loading history, and possible failure of the roof structural 
system. (South Block)

� Local defects in the roofing system included longitudinal cracking in the direction of 
span, between adjacent inverted T beams and / or T beams and masonry blockwork
elements.

� Various cracks in the concrete blockwork supported between inverted T beams were 
also noted during the investigation of the roof systems.

Assessment of damages: Ground Slabs

� Various defects were noted in the ground slabs, and ground finishes in the various 
buildings.

D. Structural Deficiencies & Material Properties

233



D. Structural Deficiencies & Material Properties

Overview of the Main Building Defects:

� Structure: Partial collapse of roof elements in specific areas, in general no 
excessive settlement (RC ground slab).

� Concrete: Cracks in concrete, Carbonation of the Concrete,  Corrosion of 
reinforcement, Concrete Spalling, Excessive deformation of roofs.

� Masonry: Hairline cracks in walls, defects due to impact and misuse of the 
spaces, defects due to inappropriate alterations.

� Services: Not Functional and/or missing

� Finishes: Finishes overall in a bad state, Water proofing inadequate, water runoff 
system not functional.

D. Structural Deficiencies & Material Properties
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D. Structural Deficiencies & Material Properties

D. Structural Deficiencies & Material Properties
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D. Structural Deficiencies & Material Properties

D. Structural Deficiencies & Material Properties

236



D. Structural Deficiencies & Material Properties

Reinforced Concrete Elements:

� Tests performed to determine concrete properties:

� Non-destructive testing
� Extraction of Concrete cores - established plan. 
� Determination of the strength characteristics & density.
� Carbonation depth.

� The cores were extracted from the concrete spreader beam / beam at roof level, the 
suspended slab and cantilever.

� Cores extracted from the roof provided information regarding the roof structure & 
construction details (Overall depth: 350mm);

� Roof screed: 75mm
� Fill: 67mm
� Membrane: 1mm
� Concrete Topping: 85mm
� T Beam: 122m

D. Structural Deficiencies & Material Properties

Concrete testing

� Concrete Core Extraction: Locations

� Concrete Core testing

Location of Cores      
       
Report 
No. 

Sample 
No. Location Location Ref. Façade Elements 

             
              
              

1 R7/304 Roof level South West 1 Façade A Beam 
2 R7/305 Roof level North West 2 Façade D Beam 
3 R7/306 Roof level North West 3 Façade D Beam 
4 R7/307 Roof level North West 4 Façade D Beam 
5 R7/308 Roof level South East 5 Façade B Beam 
6 R7/309 Roof level South East 6 Façade B Beam 
7 R7/310 Elevated Ground Floor South West 7   Slab 
8 R7/311 Elevated Ground Floor South East 8 Façade B Slab 
9 R7/312 Elevated Ground Floor South East 9 Façade B Slab 

10 R7/313 Roof Level North West 10 Façade D Slab 
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D. Structural Deficiencies & Material Properties

Concrete Core Testing    
      
Report 
No. 

Sample 
No. 

L / D 
Ratio Core 

Core 
Density 

Core 
Strength 

       kg / m3 N/mm2 
            
            

1 R7/304 1 H 2016 20.50 
2 R7/305 0.9 V 2057 22.00 
3 R7/306 1 H 2128 25.00 
4 R7/307 0.8 H 2120 15.50 
5 R7/308 1 H 2109 22.50 
6 R7/309 1 H 2103 24.50 
7 R7/310 1 V 2071 23.50 
8 R7/311 1 V 2086 26.00 
9 R7/312 1 V 2348 28.50 

10 R7/313 1 V 1990 10.00 
            
      
H: Horizontal Core     
V: Vertical Core     

 

Concrete testing

� Concrete Core Extraction: Locations

� Concrete Core testing

D. Structural Deficiencies & Material Properties

Concrete Compressive strength

� The compressive strength for the cores extracted from the spreader beams / 
beams at roof level, (Ref. Report No.; 1,2,3,5,6) varies from 20.5 N/mm2 to 24.5 
N/mm2. The compressive strength for core No. 4 extracted from the spreader 
beam / beam at roof level was however relatively low (15.5N/mm2).  

� The compressive strength for the cores extracted from the slabs (at ground floor), 
varies between 23.5N/mm2 & 28.5N/mm2. (Cores Nos. 7, 8 & 9). In the case of 
Core No. 10, the compressive strength of the concrete topping, is also relatively 
low (10N/mm2). The density is relatively low in general.
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D. Structural Deficiencies & Material Properties

Depth of 
Carbonation   
    
Report 
No. 

Sample 
No. Carbonation   

    OUT IN 
    mm mm 
        

1 R7/304 37 0 
2 R7/305 0 0 
3 R7/306 48 0 
4 R7/307 42 11 
5 R7/308 25 23 
6 R7/309 32 0 
7 R7/310 38 40 
8 R7/311 35 0 
9 R7/312 50 0 

10 R7/313 40 0 
        

 

Depth of Carbonation.

� The carbonation depth of the concrete varies between 25mm & 50mm. It reaches a 
maximum of 50mm in core No. 9. 

� The depths of carbonation recorded are relatively high. Where reinforcement was 
identified, the cover of the reinforcement was noted to vary.

D. Structural Defects & Material Properties.

Understanding of the Causes of Defects in the Existing Building:

� The age of the structure.

� The exposure of the structure - aggressive environment: proximity to sea.

� Deficiencies in the materials used in the structure.

� Defects in detailing.

� Defects associated with workmanship.

� Lack of maintenance of the structure and structural elements.

� Previous inappropriate use of the Building or parts of the structure. (including 
overloading of roofs.)
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E. Repair Strategy

E. Repair Strategy

Different interventions are necessary in different parts of the buildings, and for 
different structural elements. Interventions vary from repair through adequate 
interventions, to replacement and reconstruction of structural elements. 

Reconstruction

� Specific structural elements were in a very bad state of repair and therefore 
needed to be replaced. (RC elements, cantilever elements, parts of edge 
beam details & parts of the roof structure). 

� The intervention required envisaged the reintroduction of elements that were 
no longer present, due to excessive deterioration, or due to past modifications 
in the building. Reconstruction was also necessary in the case of structural 
elements of inadequate material properties, or where repair is not feasible.
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E. Repair Strategy

Repair

� Specific elements were deteriorated and were repaired after adequate 
assessment, and with the appropriate interventions. The intervention necessary, 
can vary from one element to another, and in different parts of the building.

� The adequacy of the repair interventions depends on various factors including 
the following;

1. Assessment of the state of repair of specific elements and 
structures, 

2. Assessment of construction details, 
3. Proposed loading on the structure.

General Requirements: 

The Design & Installation of new Services, new Finishes, Accessibility features, 
furniture & accessories, Energy efficiency features, renewable energy sources.

E. Repair Strategy: Reinforced Concrete Elements

� Replacement of deteriorated roof structures due to structural defects in the roof elements.

� Replacement of deteriorated roof structures due to new load configuration.

� Reconstruction of roof elements necessitates also the reconstruction of specific reinforced concrete 
beams and other elements supporting the roofs, due to specific details.

� Patch repair methods for Reinforced Concrete Elements.

� Improve Detailing to limit deterioration.
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E. Repair Strategy: Reinforced Concrete Elements

General Repair Strategy     
     
Structural Element (RC) Location Repair Strategy Notes  
       
         
         
Ground Slab Ground Floor Reconstruction   
Ground Floor Suspended Slab – A Ground Floor Repair   
Ground Floor Suspended Slab – B Ground Floor Reconstruction   
Cantilever Slab – A Ground Floor Repair   
Cantilever Slab – B Ground Floor Reconstruction   
Cantilever element. Ground Floor Reconstruction   
Window Sill Ground Floor Repair   
Window Lintel – A Ground Floor Repair   
Window Lintel – B Ground Floor Reconstruction   
Roof Slabs – A Roof Level Repair   
Roof Slabs – B Roof Level Reconstruction   
Edge Beam – A Roof Level Repair   
Edge Beam – B Roof Level Reconstruction   
RC Element – Edge Beam Roof Level Reconstruction   
Cantilever Canopy Roof Level. Repair   
Cantilever Canopy Roof Level. Reconstruction   

 

E. Repair Strategy: Reinforced Concrete Elements

DESIGN STAGE:

� Concrete Strength: Concrete Grade C35 / 45
� Exposure Class: Marine Environment Class 4b: Cover to reinforcement: 50mm
� Structural Detailing.
� General Detailing & Waterproofing.

CONSTRUCTION STAGE

� Quality Assurance and Quality Control
� Execution of works.
� Concrete Compaction.
� Adequate waterproofing.

SERVICE STAGE

� Use of the Structure within the design limitations.
� Maintenance Plan & Inspection Strategy.
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E. Repair Strategy: Masonry Elements

DESIGN STAGE

� Adequate assessment of loadings on walls.
� Adequate assessment of wall foundations.

CONSTRUCTION STAGE

� Reconstruction of collapsed and / or missing parts of walls.
� Reconstruction of specific defective wall areas.
� Repair / replacement of defective elements in walls. 
� Adequate pointing and rendering.
� Adequate protective coatings.

SERVICE STAGE

� Use of the Structure within the design limitations.
� Maintenance Plan & Inspection Strategy.

E: Repair Strategy: General Characteristics

Main Characteristics of Design proposal:

� Stone masonry Blockwork (especially in 
external areas) 

� Concrete Masonry Blockwork (especially in 
the case of partitions and internal walls)

� Precast Concrete Elements: Precast 
Prestressed Hollow Concrete Slabs in roof 
structures.

� Reinforced Concrete Elements (Cast in situ): 
Reinforced concrete beams and lintels, and 
cantilever features on façade.

� Cast in-situ Reinforced Concrete cornice and 
water drain detail.
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E: Repair Strategy: Dismantling - Demolition

E: Repair Strategy: Waste Products & Materials

244



E: Repair Strategy: Construction Stage

F. Eco-Efficiency
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F. Eco-Efficiency

According to the WBCSD (World Business Council for Sustainable Development), 
critical aspects of eco-efficiency are:

1. A reduction in the material intensity of goods or services; 
2. A reduction in the energy intensity of goods or services; 
3. Reduced dispersion of toxic materials; 
4. Improved recyclability; 
5. Maximum use of renewable resources; 
6. Greater durability of products; 
7. Increased service intensity of goods and services. 

Lovins, L. Hunter (2008). Rethinking production in State of the World 2008

F. Eco-Efficiency

Characteristics of the Original Structure:

� Shading devices on the South East and South West facades: Reinforced Concrete 
Elements.

� Insulation: Insulation to roofs: Lightweight concrete.

� Walls: Globigerina limestone two skin walls with a cavity.

� Water Conservation: Roof water drainage & reinforced Concrete down-pipe detail.

Architectural Features & Energy Efficiency: 

The aim is to retain the Architectural features & where necessary improve on 
existing energy efficiency measures, whilst retaining the overall Architectural 
integrity of the Building. 
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F. Eco-Efficiency: The Strategy 

Principles of the Rehabilitation Intervention:

� A Comprehensive Approach
� Resource Conservation & Waste Management
� Eco-Efficiency & Construction
� Water Conservation
� Energy efficiency
� Alternative energy sources

A Comprehensive Approach

� Architectural Integrity of the buildings
� New use of the buildings 
� New functional requirements
� Flexibility of space & adaptability
� Accessibility
� Services & Finishes
� Low Environmental Impact
� Environmental impact during the life time of the structure (Including the 

Construction Phase & Service Life)

CONSERVATION OF RESOURCES & WASTE MANAGEMENT

� Rehabilitation:

Rehabilitation as against Demolition & Reconstruction. Adaptation of an existing 
building.

� Waste & Resources: 

Retain the existing structure and materials wherever it is feasible, in order to: 
A. Reduce the consumption of new resources.
B. Reduce the C&D waste generated

� Dismantling & Demolition: 

Dismantling of the existing elements in order not to damage the existing building, and 
to facilitate waste classification for reuse / recyling.

F. Eco-Efficiency: The Strategy 
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CONSERVATION OF RESOURCES & WASTE MANAGEMENT

� Reduce Waste: 

Replace to the minimum possible elements from the existing structure in repair, whilst 
ensuring that the rehabilitated building can reach the required functional and performance 
levels.

� Reuse of material: 

To reduce resource consumption (Example: reuse of globigerina limestone blocks.)

� Recycling of material: 

To reduce resource consumption (Example: Recycled concrete aggregate for the production 
of concrete, recyling of reinforcement form reinforced concrete elements)

F. Eco-Efficiency: The Strategy 

Dismantled globigerina limestone masonry blockwork
and structural roof elements.

F. Eco-Efficiency
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ECO-EFFICIENCY & CONSTRUCTION

� Efficiency in the use of materials 
� Construction methodology adopted
� Construction products & detailing in Construction
� Structural system performance
� Durability of construction materials
� Design & Deconstruction

WATER CONSERVATION

� Rain water collection and storage - reservoir
� Recyling of waste water & sewege treatment
� Water conservation in building services

F. Eco-Efficiency: The Strategy 

F. Eco-Efficiency

Water conservation
Rain Water collection & storage 
& Water reservoir.
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Energy Efficiency – Building Envelope:

� Thermal Mass and Insulation.
� External surfaces- Building Elevations
� Shading devices (RC Elements)
� Double Glazing
� Natural ventilation
� Ventilated floors.
� Natural Day-lighting & Light pipes.

Energy Efficiency - Landscape:

� Orientation
� Vegetation cover
� Surface finishes of external spaces.

Alternative Energy Sources:

� Solar Water heaters
� Solar Energy – PVs Typologies
� Wind Energy – Wind turbines Typologies

F. Eco-Efficiency: The Strategy 

G. Conclusion
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G. Conclusion

The project constraints include:

� Limitations of the existing buildings
� Limitations of the existing structural elements & Materials
� Accessibility & link roads to the site
� Sensitive Environment & Landscape
� Project budget.
� Project timeline & completion period

Principles of the Rehabilitation Intervention:

� A Comprehensive Approach
� Resources Conservation & Waste management
� Eco-efficiency & construction.
� Water Conservation
� Energy Efficiency Measures
� Alternative Energy Sources

G. Conclusion

The Intervention is based on important basic principles:

A Comprehensive Approach

� Architectural integrity
� New use of the buildings
� New functional requirements 
� Flexibility of Space & adaptability.
� Accessibility.
� Services & Finishes
� Low Environmental Impact
� Environmental impact during life time of structure (IConstruction phase & Service Life)

Resources Conservation & Waste management

� Rehabilitation
� Dismantling & Demolition
� Reduction in consumption of natural resources.
� Reduction in C&D Waste generation 
� Reuse of Waste materials
� Waste produced is classified & recycled
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G. Conclusion

Eco-efficiency & construction.

� Material use Efficiency
� Construction methodology
� Construction products & detailing
� Structural system performance 
� Durability of materials
� Design & Deconstruction

Water Conservation

� Rain water collection & storage -
reservoir

� Waste water recycling & Sewege 
treatment

� Water Conservation

G. Conclusion

Energy Efficiency Measures

� Thermal Mass and Insulation.
� External surfaces- Building Elevations
� Shading devices (RC Elements)
� Double Glazing
� Natural ventilation
� Ventilated floors.
� Natural Day-lighting & Light pipes.
� Orientation
� Vegetation cover
� Surface finishes of external spaces.

Alternative Energy Sources

� Solar Water heaters
� Solar Energy – PVs Typologies
� Wind Energy – Wind turbines Typologies
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University of Malta

Summary of Project

• Study on three different PV technologies 

• Study on (HAWT and VAWT) Micro-wind turbine technologies 

• RES System to work in stand-alone and power building with 
Intelligent load scheduling

• Studies on PV and Wind for Public buildings

• Energy Efficient Lighting & 
Natural Day-lighting 
(windowless corridors)

• Solar Water Heating
• Waste Water Treatment Plant

University of Malta

Proposed RES System at Xrobb l-Ghagin
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University of Malta

GUI and Parameter Display

A Software GUI : to log variables which will be 

useful to determine the instantaneous output 

and annual yield of the different types of RES

University of Malta

Annual KWh savings and CO2 reduction

RES Technology KWh per annum Annual 
Reduction 

(Tonnes) of CO2

PV System 
(Poly, Mono and Thin 

Film)

23500 20.5

Wind Turbine 
System 

(HAWT, VAWT)

16000 14.0

SWH System 20075 17.5
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University of Malta

Micro-Wind Turbines

University of Malta

Vertical Axis vs Horizontal Axis Wind Turbines

Two types of micro-wind turbines :
– vertical axis wind turbines and,

– horizontal axis wind turbines. 

• Horizontal axis wind turbine (HAWT)
– most popular 

– produce more electricity than VAWT for the same amount of wind 

– do not operate efficiently in turbulent winds

• Vertical axis wind turbine (VAWT)
– primarily used in small wind projects and residential applications.  

– manufacturers claim that VAWT can operate in turbulent wind conditions. 
Because of this versatility, VAWTs are ideal for installations where wind 
conditions are not consistent, such as in built up areas.

– do not need a yaw mechanism to turn the rotor against the wind

– usually installed at lower heights than HAWT, thus do not capture the 
maximum power out of the site 
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University of Malta

Vertical Axis vs Horizontal Axis Wind Turbines

Windbuster VAWT Ampair HAWT

University of Malta

Photovoltaic Technology
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University of Malta

Basics of Photovoltaic Panels

When a p–n junction it is exposed 
to sunlight, photons are absorbed 
and hole-electron pairs may be 
formed. Electrons flow from the n-
side contact, through the load, and 
back to the p-side where they 
recombine with holes.  A DC 
current is thus created

A simple equivalent 
circuit for a photovoltaic 
cell consists of a 
current
source driven by 
sunlight in parallel with 
a diode.

University of Malta

PV Characteristic ( I,V curves for varying sunlight)

The short-circuit current, 
ISC, is directly proportional 
to solar insolation.  The 
stronger the sunlight, the 
more current is produced by 
the PV panels.

Isc Short Circuit Current

Voc Open Circuit Voltage

262



University of Malta

PV Panels and Arrays

A series connection of a number 
of cells makes a module

A series/parallel connection of a 
number of modules makes an 

array

University of Malta

Types of PV Technologies

• Crystalline PV Panels

– mono-cyrstalline

– poly-cyrstalline

• Thin Film PV Panels
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University of Malta

Crystalline and Multicrystalline Silicon PV Cells

• Conversion Efficiencies of over 20% claimed (commercial 
typical efficiencies 11 to 16%)

• Growing and slicing single-crystal Si ingots is highly energy 
intensive

• relatively high energy fabrication cost makes the payback 
time longer than desirable. 

• on going research is carried out on reducing the energy 
cost of cell and module fabrication to result in lower-
energy fabrication costs

• Mono and poly crystalline are still the most popular 
technology especially where space is an issue (e.g. 
residential applications, or installations with limited space 
such as in Malta).

University of Malta

Thin Film PV Technology

• The recent rapid expansion of the photovoltaic industry and the expertise 
gained on Si via the electronics industry established crystalline Si as the main 
raw material for PVs, achieving reasonable efficiencies and good performance 
stability (> 20 years).

• Over the years the demand for PV modules has increased exposing some 
inherent disadvantages of Si technology:

– scarcity of the raw material and, 

– costly fabrication process. 

– Since probably Si wafer technology shall be unable to meet the low cost targets, 
thin-film technologies have the potential to provide a viable alternative. A mix of c-Si 
and thin-film PV technologies will be required to supply the market needs in the 
near/midterm future.

• Thin-film technologies grow solar cells on other cheaper materials (e.g. glass).  
Thin-film deposition of materials is a complex process however, once 
optimized, the fabrication methods should provide cheaper processing costs 
and low-energy payback.

• Present Thin-film technologies make use of: Amorphous silicon (a-Si) or 
polycyrstalline materials: cadmium telluride (CdTe), copper indium diselenide 
(CIS), and copper–indium gallium diselenide (CIGS).  ‘a-Si’ is the most popular.
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University of Malta

Thin Film PV Technology

• Disadvantages of Thin-Film

– Lower conversion efficiency than c-Si panels

– For same power output, thin-film require more space 

than crystalline-Si PVs

– Performance degrades over time (even as much as 15 to 

35%, Staebler-Wronski effect)

• Advantages

– Cheaper production costs

– Panels require less raw material

– Can be grown on flexible materials or even integrated 

into building structures

University of Malta

RES Energy Conversion to 
Electric Supply 

(and Stand-alone mode)
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University of Malta

DC to AC Energy Conversion (Power Electronics)

PV or WIND
DC

Output

DC to DC
Output AC Mains

Grid Side

AC Inverter 
Side

Output

Input for 
PV or 
Wind 
System 

Dc-ac
Inverter

University of Malta

Basic Islanded System

AC Output (LOADS)

(source SMA)
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University of Malta

Island System for Project

• The grid-connection system is designed to allow electrical 
energy generation in a ‘controlled’ stand-alone mode even 
when building is disconnected from mains.  

• Possible to power the building to a limited extent (no 
battery back-up shall be used) as long as the p.v. and wind 
are still generating electricity.  

• Stand-alone inverter shall be  programmed with an 
‘intelligent’ load shedding program - provide electricity 
only to the building’s high priority loads (e.g. fridges and 
selected lighting).

University of Malta

Research on ‘Intelligent’ Inverter

• Design and construction of a stand-alone/grid 

connected inverter with the objectives to:

– Construction of power electronic converter controlled 

by a micro-computer

– Study and development of:

• An intelligent load profiling scheme

• Implementation of the scheme in the inverter.

– Development of a grid failure algorithm to enable the 

inverter to disconnect from the main supply but work in 

a ‘safe’ stand alone mode for powering high priority 

loads within building. 
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University of Malta

Light Pipe Technology

University of Malta

Light Pipes ( Efficient Building Design )

• Introducing sunlight into dark areas 
without the disadvantage of heat 
transfer into or out of that area.

• SunPipe main components :

– Top dome (UV stabilised polycarbonate)

– highly reflective mirror-finish aluminum 

tube)

– condensation seal between dome and 

tube

– ceiling diffuser (light spread evenly in all 

directions) 

(source Monodraught)
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University of Malta

Examples of Light Pipes

External View of Sun-Pipe 
(source Monodraught)

Internal View of Sun-Pipe’s 
diffuser which gives it the look 

of a standard luminaire 
(source Monodraught)

University of Malta

Application to Project

269



 
 
 

270



COST Action C25 
International Training School 
Sustainable Construction: A Life Cycle Approach in Engineering 
 
 
 
 
 
 
 

 
 
 
 
Sustainable Constructions:  
Life Cycle Inventory Analysis 
 
 

 
Milan Veljkovic & Barbara Rossi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

271



 
 
 

272



MALTA – Sustainable Construction 2010

Milan Veljkovic

Luleå University of Technology
Luleå, Sweden.

Sustainable Constructions
LIFE CYCLE INVENTORY ANALYSIS

University of Malta

Barbara Rossi

Chargée de Recherches FNRS
Liège, Belgium. 

Agenda

• Introduction
– Background, definitions, references, databases 

• Recycling
– “Steel the good example”
– How to calculate contribution of recycling in sustainable 

assessment

• Examples of LCI
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Background

• Several documents such as :
– IISI LCA Policy Statement 

• Guidelines for those undertaking or using life cycle assessments
• Checklist to evaluate the quality of an LCA study

– IISI 2002. Appendix 5. Application of the IISI LCI data to recycling scenarios, life-cycle 
inventory methodology report. 

– The value of recycling to society and its internalization into LCA methodology. J.-P. 
Birat, N. Prum, M. Chiappin, K. Yonezawa, L. Aboussouan.

– Life cycle assessment of buildilngs – A review. Sigrid Reiter.

– ISO 14040-…

• IISI product description for the 16 available LCI datasheets through worldsteel website 
(date of issue 2005 for next graphs):

– Heavy steel plate (85, 95), heavy pipe (85, 95), hot-rolled coil, finished cold-rolled coil 
(85, 95), electrogalvanized steel (85, 95), hot-dip galvanized, cold-formed sections, 
section rolling (85, 95), rebar (60, 85, 95) (+table for corresponding applications)

LCI Definition

• A Life Cycle Assessment (LCA) is the investigation and evaluation of environmental 
impacts of a given product, system or service, over its entire life cycle 

• It quantifies: 
– Resource use
– Environmental emissions

• LCA is used for:
– comparing two competing systems over their life cycle
– comparing the life cycle phases of the same system
– comparing a system and its alternatives
– comparing a system to a reference

Identifying opportunities to improve the environmental 
aspects of products or to promote strategic planning, priority 
setting and marketing of products
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LCI Phases

According to the ISO 14040 and 14044standards, a Life Cycle 
Assessment is carried out in four distinct phases, following an iterative 
process

• Goal and scope of study in relation to the intended application. This step is used to
determine the functional unit and boundaries of the study .

• Life cycle inventory (LCI) : data collection and modeling of all inputs (resources,
energy, water, …) and outputs (emissions in air and water, solid waste, …) in the form
of elementary flows, as well as description and verification of data .

• Life cycle impact assessment (LCIA), evaluating the conversion of emissions into
environmental and health impacts, such as global warming, acidification, ozone layer
depletion, land use, etc. There are several LCIA tools.

• Interpretation and search for improvements: identification of the significant issues ,
evaluation (sensitivity analysis and uncertainty analysis), search for improvements,
identification of opportunities, recommendations , conclusions and reporting

LCI Specifications for buildings

• Various types of LCA for building engineers:
– LCA of building materials
– LCA of building components and systems 
– LCA of the whole building

• Some specific issues of LCA studies on the whole building:
– Functional unit (m² usable floor area)
– Each building is a unique product
– Long life of buildings in comparison to consumption goods.
– Impact of the use phase (occupants’ behavior, …)
– Various function and composition of buildings and their components
– Time evolution with functional changes, building retrofit, etc.
– Impact of the surroundings (climate, orientation, proximity of infrastructures,…) 
� System boundaries for LCA of buildings are not clear. 

– Allocation for recycling

Lack of sector-specific standardization

275



LCA data sources

� The quality (precision, completeness, representativeness) of the data used 
during the LCI phase has a significant impact on the LCA results 
� necessity to extensively describe the consulted data sources

� Most often used materials databases for LCA
• The Ecoinvent database (Peuportier 2001; Popovici & Peuportier 2004; Blengini & Di Carlo 2010 ; Verbeeck & Hens 2010; Oritz-

Rodiguez et al 2010). 

• The SimaPro database (Scheuer et al 2003; Ortiz et al. 2009; Blengini & Di Carlo 2010). 

• Other extensive databases : CML , Idemat 2001, GaBi 4 Professional, …

� Attention: the use of European and American databases may not lead to correct 
decisions in developing countries

For steel components, we recommend the IISI LCI Database for Steel Industry 
Products. Both worldwide and regional averages are available: Western Europe, 
Far East Asia, Rest of the World.

LCIA tools for buildings

� Three main types:
◦ Detailed LCA modeling tools (material level)

� They are focusing on materials, components and processes. These tools are mainly used in 
selecting materials, while also allowing material producers to optimize production processes. 

� Examples : GaBi, Simapro, TEAM, Boustead, BEES, …

◦ Design LCA tools (building component level)
� These design tools use LCA as a basis but aggregate their results at the building component level. 

These tools include pre-set material data. 
� Examples : Equer, LCAid, EcoQuantum, Athena, Envest, LISA, Becost, BEAT, Greencalc, 

Ecoeffect. 

◦ LCA CAD tools
� Very simplified tools that provide environmental impact and embodied energy information through 

CAD design or documentation tools.
� Examples : EcoTect (Autodesk), CSIRO, Ener-rate, BREEAM, …

276



Inter-comparison of LCIA tools for buildings

Inter-comparisons of LCA studies of the same buildings using various LCA tools 
had been performed in the European project REGENER, in the Annex 31 of the 
International Energy Agency and in the European network “PRESCO” (Practical 
Recommendations for Sustainable Construction)

• Building LCA applications are useful as design support tools .

• Significant differences were found between the different L CA tools
applications. Differences are assumed to be related to source and quality
of data, system boundaries, data allocation, weighting factors and
environmental profiles.

• Similar results: energy consumption during the use phase is predominant .

• Less differences between fluxes assessment (energy, water, waste) than
for materials environmental assessment.

Sustainable development of construction

Economy Ecology Society Culture

Cost Durability Resources Ecosystem Health Comfort Aesthetic Inheritance

Production
Construction
Use
Demolition

Resistance
Fire
Corrosion
Aspect
Adaptability

Soil
Energy
Water
Materials

Acidification
Ozone 
Toxicity
Waste
Effluents
Territories
Biodiversity

Air
Water
Electromagn.

Thermal
Acoustic
Olfactive

Integration
Adaptation
Image

History
Memory

Economic 
evaluations
Indicators
X’, Y’, Z’… 

Inventory and 
impacts
Indicators
X, Y, Z… 

Measures, 
models, 
evaluations… 
Indicators
X’’, Y’’, Z’’… 

Qualitative 
models, 
evaluations
Indicators
X’’’, Y’’’, 
Z’’’… 

LIFE CYCLELIFE CYCLE

277



Recycling is a VIP

� Past: scrap considered as a material with neither burden nor credit
� Fight between:

◦ 2004 (EPD) « stocks method » � recycled content at the entrance of the process
◦ « EOL credits method » � net recycled content

� But: 
◦ Scrap saves resources
◦ Decreases the environmental impacts (except for CO emissions)

Indicators 100% primary 
production

100% secondary 
production

X Energy (MJ/kg) A /3

Y CO2 (kg/kg) B /2

Z Waste (kg/kg) C /5

� Steel is “100% recyclable”
� Construction domain: recovery rate = 85% (on average, RR = 89%)
� The material properties remain after recycling
� Whatever the use, steel is recycled to steel (automotive to packaging to 

construction to automotive…) 

Source: IISI and Environment, Life-Cycle & Materials, ArcelorMittal R&D

Application sector Market Recovery rate

Construction 43,6% 85%

Transport 30,2% 99%

Industries (machines) 15,7% 91%

Domestic 5% 93%

Packaging 5,5% 66%

Total 100% 89%

Recycling is a VIP: ”Steel- the good example”
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Scrap SIron ore

Production (yield Y)

EOL (recovery RR)
--> Scrap

USE

� Important parameters: 
◦ Recycled content (entrance) S: 30 to 60% 

depends on the demand

◦ Recovery rate RR: global EOL recovery 
rate around 90%

◦ RR-S: net scrap

◦ Yield Y: 1kg of scrap --> less than 1kg of 
steel

◦ Number of cycle n Simplified closed loop

Recycling is a VIP: ”Steel- the good example”

Scrap SIron ore

Production (yield Y)
Downstream process

EOL (recovery RR)
--> Scrap

Cycle n
USE

Dependent on the considered 
applications (automotive, 

construction…)

« Pre-consumer scrap »
Left to the user’s 

expertise

« Post-consumer scrap » (not well known, 
impurity)

Yield Y

Recycling is a VIP: ”Steel- the good example”
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Closed loop-one cycle

1kg of recycled steel replaces primary steel (ISO 14041)

� If Xprim=LCI for primary steel production
� And Xrec=LCI for secondary steel production

� Then scrap avoids primary burden of Y(RR-S).Xprim

� Then scrap’s burden = of Y(RR-S).Xrec

� � LCI credit = Y.(RR-S).(Xprim-Xrec)

� And LCI/kg:
X = Xprim-Y. (RR-S).(Xprim-Xrec)

Closed loop-one cycle

Indicators Primary Secondary

CO2 kg/kg ~2.447 ~0.465

Primary Energy MJ/kg ~29 ~11,2
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Closed loop-multiple cycles

Scrap S

RR

Cycle n

(Y RR).RR

Scrap S

…

…

Iron ore

Primary 
production

1

Production (yield Y)
(Y RR)1

Production (yield Y)
(Y RR)n-1

Closed loop-multiple cycles

� 1/ Total LCI = Xprim+Y.RR.Xrec+…+(Y.RR)n-1.Xrec

� 2/ Total mass of steel produced 
= 1+Y.RR+…+ (Y.RR)n-1

� � LCI/kg: X=(1)/(2)= (Xprim-Xrec).Q+Xrec

� Where Q=(1-RR.Y)/(1-(RR.Y) n)

� If n �∞ X = Xprim-Y. RR.(Xprim-Xrec)  same as before

X = Xprim-Y. (RR-S).(Xprim-Xrec)
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Closed loop-multiple cycles

Life cycle inventory
-steel rebar-
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Life cycle inventory
-steel rebar-

Life cycle inventory
-stainless steel coil-

◦ Sans rec.: 4.1 t CO2/t
◦Sans rec.: 3.4 t CO2/t

◦Sans rec.: 4.8 t CO2/t

Credits: Lionel Aboussouan, ArcelorMittal R&D
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Life cycle inventory
-stainless steel coil-

Corrosion problem

O2
O2

O2
O2

O2

O2
O2 O2 O2

O2

O2

Self repairing protective layer

Stainless Stainless 
steelsteel

> 10,5 % Cr

Need of protection

Carbon Carbon 
steelsteel

Fe2O3 Cr2O3

Stainless Stainless 
steelsteel

> 10,5 % Cr

Credits: Philippe Richard ArcelorMittal Stainless Europe
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Corrosion protections

� Techniques dependent upon type of structures and atmosphere (rural, 
urban, marine, industrial)

� Principally: 
◦ Painting : life span 8 to 10 years, NF EN 12499
◦ Galvanization : life span 25 years or more, NF EN ISO 14713 

� Economic advantage:  hot galvanization = 30 to 50 % less expensive and 
more durable

Structure type Surface 
(m²/tonne
)

Price 
(€/m²)Painting

Price (€/m²) 
Galvanization

Hot-rolled profiles 10-15 13-17 12-18

Welded profiles 15-20 15-18 10-13

Tubes 25-30 18-21 7-10

Thin-walled profiles 40-50 20-23 7-9

Source: www.galvazinc.com

Life cycle profile

� Complicated issue:
◦ Painted : burdens of maintenance for paint (service life)

◦ Galvanized
� Less expensive
� Recycled with steel (since zinc is more volatile) 
� RR~70%, scrap around 30% � appropriate allocations of the benefits of recycling for estimating 

the life-cycle impacts
� Corrosion problems (edges, cuts)

◦ Stainless steel : no maintenance

Durability determines much of the life-cycle difference
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Life cycle inventory - Galvanized steel coil -
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1. INTRODUCTION

Sustainability of Constructions: Integrated Approach to Life-time 
Structural Engineering

Working Group 3: Life-time Structural Engineering, Design for 
durability, life-cycle performance, including maintenance and 
deconstruction.

Working Group 1: Criteria for Sustainable Constructions 

Working Group 2: Eco-efficiency 

1.1 Cost Action C25 

1. INTRODUCTION

1.2 Integrated approach

DESIGN

CONSTRUCTION

SERVICEMAINTENANCE

END OF LIFE

RE-USE; RECYCLE

STRUCTURAL 

PERFORMANCES

(LCP)

ENVIRONMENTAL 

PERFORMANCES 

(LCA)

ECONOMIC 

PERFORMANCES 

(LCC)

LIFE CYCLE
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2. ORDINARY STRUCTURAL DESIGN

2.1 General principles

The safety of a structure depends on both the maximum load that will act 
on the structure during its lifespan and the capacity of the structure itself (or 
components) to withstand this maximum load. 

The expected load and the resistance of a structure cannot be defined in a 
deterministic sense because of the uncertainties related with the prediction. 

Indeed, enhanced results shall be achieved by means of probabilistic 
analysis. 

Depending on the quality of input data, available computational tools, the 
importance of the structure under investigation, structural design can be 
performed at different levels
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DURABILITY DESIGN OF METAL STRUCTURES

First level methods:
“code level methods”, 

design value and 
partial safety factors

are applied to the 
basic variables.

FULL-
PROBABILISTIC SEMI-

PROBABILISTIC DETERMINISTIC PRINCIPLES 
AND 

APPLICATION 
RULES

Third level methods:
“exact methods” full 

probabilistic analysis
are carried out, 

Exact analytical methods 
and numerical integration 

are performed.

All the uncertainties 
related to the basic 
variables are taken 
into account as a 
whole by applying 

safety factors on the 
resistance side 

(allowable stress 
method ) or on the 
load side (collapse 

design ) respectively.

Second level methods:
“second moment method” 
approximate analytical 

methods and simulation
methods are used.

2. ORDINARY STRUCTURAL DESIGN

2.1 General principles

2. ORDINARY STRUCTURAL DESIGN

2.1 General principles

First level methods take into account the unavoidable uncertainties embodied in the 
engineering design. 
The calibration of partial safety factors allows to assess the significance of 
uncertainties and provides instruments for reliability differentiation. 

At the present time there is a good agreement in the use of semi-probabilistic design 
methods such as the partial safety factors methods defined in the EN 1990:2002
(Eurocode 0- Basis of design)

FULL-PROBABILISTIC

SEMI-PROBABILISTIC

DETERMINISTIC

PRINCIPLES AND 
APPLICATION RULES

DESIGN ACCORDING TO 
EUROCODES 
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DURABILITY DESIGN OF METAL STRUCTURES

The basis of structural design basic are provided in the European Standards EN 1990 
(2002), and it establishes principles and requirements for safety, serviceability, 
durability

The specific rules for steel structures are established in the Eurocode 3: Design of 
steel structures (EC3). 

The EC3 is subdivided in various parts, it applies to the design of buildings and civil 
engineering works in steel and it complies with the principles and requirements for the 
safety and serviceability of structures given in EN 1990

The Eurocodes are based on the limit state concepts and the partial factor method
according to a performance based approach .

2. ORDINARY STRUCTURAL DESIGN

2.2 Basis of design according to Eurocodes

DURABILITY DESIGN OF METAL STRUCTURES

The above statement includes 3 important elements:

1) the definition of a time period during which the structure shall be able to meet or 
exceed the demand that will likely act on it.

2) the identification of different performance requirements related to mechanical 
resistance (“sustain all actions”), durability (“influences”) and serviceability (“remain fit 
for use”).

3) the specification of a reliability level to comply with given requirements. 

“a structure shall be designed and executed in such a way that it will, during its intended life, 
with appropriate degrees of reliability and in an economical way, sustain all actions and 
influences likely occurring during execution and use and remain fit for the use for which it is 
required” EN 1990:2002, clause2.1.1(P)

2. ORDINARY STRUCTURAL DESIGN

2.2 Basis of design according to Eurocodes
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DURABILITY DESIGN OF METAL STRUCTURES

1) the TIME PERIOD is called design working life and it is defined as “the period of time during which a 
structure or part of it is to be used for is intended purpose with anticipated maintenance but without major 
repair being necessary” (clause 1.5.2.8,)

Design working life Examples

10 years Temporary structures

10 to 25 years Replaceable structural parts

15 to 30 years Agricultural and similar structures

50 years Buildings and other common structures

100 years Monumental buildings, bridges and other structures

The establishment of a reference period is required for the selection of design actions (winds, earthquake..), for
accounting material property and deterioration , for the evaluation of life-cycle cost and the development of
maintenance strategies.

2. ORDINARY STRUCTURAL DESIGN

2.2 Basis of design according to Eurocodes

“a structure shall be designed and executed in such a way that it will, during its intended life, 
with appropriate degrees of reliability and in an economical way, sustain all actions and 
influences likely occurring during execution and use and remain fit for the use for which it is 
required” EN 1990:2002, clause2.1.1(P)

DURABILITY DESIGN OF METAL STRUCTURES

1. Withstand actions avoiding collapse of the whole or part of the work and major deformations to an 
inadmissible degree, withstand influences from environments. (SAFETY)

2. Guarantee safety in case of fire. (FIRE)

3. Ensure adequate structural robustness being not damaged by an event, to an extent disproportionate 
to the original cause (ROBUSTNESS)

4. Remain fit for use under expected actions avoiding damage of other parts of the works, equipment or 
installed devices (SERVICEABILITY)

The basic requirements involve structural resistance, serviceability and durability concerns. In particular 
a design performed according to Eurocodes shall provide structures able to:

2. ORDINARY STRUCTURAL DESIGN

2.2 Basis of design according to Eurocodes

“a structure shall be designed and executed in such a way that it will, during its intended life, 
with appropriate degrees of reliability and in an economical way, sustain all actions and 
influences likely occurring during execution and use and remain fit for the use for which it is 
required” EN 1990:2002, clause2.1.1(P)
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DURABILITY DESIGN OF METAL STRUCTURES

LIMIT STATE DESIGN

According to EN1990 (2002) the verification of the
basic requirements defined in the previous section,
can be performed at different levels.

The limit state method is characterised by the use
of various partial factors, reduction factors and
other measures of reliability.

3) The reliability level

2. ORDINARY STRUCTURAL DESIGN

2.2 Basis of design according to Eurocodes

“a structure shall be designed and executed in such a way that it will, during its intended life, 
with appropriate degrees of reliability and in an economical way, sustain all actions and 
influences likely occurring during execution and use and remain fit for the use for which it is 
required” EN 1990:2002, clause2.1.1(P)

DURABILITY DESIGN OF METAL STRUCTURES

Classification Description Examples

Ultimate limit state Safety of people/structure Loss of equilibrium; Excessive deformation
Rupture; Loss of stability; Fatigue 

Serviceability limit state Functioning
Comfort
Appearance

Excessive deflection; Vibration; Cracking; 
Damage to finishes

Limit states are usually classified in two broad categories. Ultimate limit states
concern with the safety of people and/or the structure while serviceability limit states
concern with the functioning under normal condition, the comfort of people and the 
appearance of construction works

Limit state is defined as the condition beyond which performance requirements are 
no longer satisfied. 

2. ORDINARY STRUCTURAL DESIGN

2.3 Limit state design
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DURABILITY DESIGN OF METAL STRUCTURES

Design values of actions and capacity are introduced starting from representative 
values

Actions

kFψ

d f kF Fγ ψ=
Characteristic value

Design value

Design value of geometric data 

,( , )d Sd d i dE E F aγ=Design value

Effect of the action

da Design value of geometric data 

Materials and products properties

kX
k

d

m

X
X

η
γ

=
Characteristic value

Design value

,( , )d i d

d

Rd

R X a
R

γ
=Design value

Capacity

da

Verification

d dE R≤

2. ORDINARY STRUCTURAL DESIGN

2.3 Limit state design

DURABILITY DESIGN OF METAL STRUCTURES

The numerical values of partial factors and combination factors is given according to
the relevant limit state, whereas the characteristic values, introduced into the
verification, are the same for all limit states

Different source of uncertainties are considered through the use of partial safety 
factors:

2. ORDINARY STRUCTURAL DESIGN

2.4 Partial safety factors
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DURABILITY DESIGN OF METAL STRUCTURES
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DURABILITY DESIGN OF METAL STRUCTURES

The property of lasting for a given or long time without breaking or getting 
weaker

Construction Product Directive, Guidance Paper F

Section 2 of the EC0 is devoted to Durability concerns.

In particular, it is stated that: 

“the structure shall be designed such that deterioration over its design working life 
does not impair the performance of the structure be low that intended , having due 
regard to its environment and the anticipated level of maintenance”. 

3. DURABILITY IN STANDARDS & CODES

3.1 Definition of durability
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DURABILITY DESIGN OF METAL STRUCTURES

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach

DURABILITY DESIGN OF METAL STRUCTURES

In case of steel structures, in EN 1993-1-1 (2005) only common principles are
stated for durability of metal structures and in particular for preventing steel
buildings from possible causes of corrosion damage.

The code refers to EC0 for durability in general and gives some
recommendations such as the opportunity of providing corrosion protection
measures by means of surface protection systems , improving the use of
weathering or stainless steel and resorting to structural redundancy .

In particular it is stated that “parts susceptible to corrosion, mechanical wear, of
fatigue should be designed such that inspection, maintenance and
reconstruction can be carried out satisfactorily to the design life”(clause 4.3),
and for elements that cannot be inspected “an appropriate corrosion
allowance should be included” (clause 4.5).

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach
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DURABILITY DESIGN OF METAL STRUCTURES

MECHANICAL SAFETY AND 
SERVICEABILITY

DURABILITY

No analytical models and/or safety factors to be applied in order to
achieve these requirements are specified, thus the general provision to
be applied are left to the designer experience and to expert’s judgment.

3. DURABILITY IN STANDARDS & CODES

FULL-
PROBABILISTIC SEMI-

PROBABILISTIC
DETERMINISTIC

PRINCIPLES

3.2 The Eurocodes approach

DURABILITY DESIGN OF METAL STRUCTURES

Indeed it is a matter of fact that each construction, during its life cycle, will face with 
deterioration depending on several factors such as the environmental condition, the 
natural aging, the quality of the material, the execution of the works, the planned 
maintenance

Along with that, structural design performed according to the partial factor method (EN 
1990 to EN1999) leads to a structure whose reliability is affected by the actual 
maintenance performed during service life. 

That results from the definition of the structural capacity, whose design values do not 
take into account the time dependence due to the deterioration that will affect the 
structure materials.

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach
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DURABILITY DESIGN OF METAL STRUCTURES

kFψ fγ d f kF Fγ ψ= ( , )d d d gE E F t=

According to partial factor method (EN1990,
EN1993), once the reference period has
been defined the design and verification of
structure shall be carried out as time-
independent analysis.

Qk

Reference period

ψ2Qk

ψ1Qk

ψ0Qk

≤d dE R

Ed RkRdEk
RmEm

Design value of variable actions is obtained
applying safety factors to the characteristic
value. The latter is usually derived from
probabilistic analysis which take into
account the temporal variability of the action
itself.

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach

DURABILITY DESIGN OF METAL STRUCTURES

The time independance of the capacity is only
grounded on the maintenance actions to be
performed, no models are established to derive
the characteristic value of structural capacity

No safety factors are applied to take into
account the variation of capacity over time due
to the occurred detrioration

t

R,E

Rd

Ed

kFψ fγ d f kF Fγ ψ= ( , )d d d gE E F t=

kf ( )d d dR R f=γ m
k

d

m

f
f

γ
=

≤d dE R

Ed RkRdEk
RmEm

Structural capacity is assumed to be a 
time-independent variable on the 
basis of maintenance actions to be 
performed

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach
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DURABILITY DESIGN OF METAL STRUCTURES

R,E

t

Rd

Ed

t > tg?

Minimum 
performance

Presumed resistance 
in a time-independent 

approach
Actual capacity taking 

into account the 
occurred deterioration

• LACK OF MAINTENANCE

•WRONG EVALUATION OF 
THE DETERIORATION AT 
THE DESIGN STAGE

• WEATHERING STEEL 
STRUCTURES

A deterioration could lead to a decrease of performance to such an extent that
a structure could be not able to satisfy the basic serviceability and safety
requirements before the design life has expired.

3. DURABILITY IN STANDARDS & CODES

3.2 The Eurocodes approach

DURABILITY DESIGN OF METAL STRUCTURES
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DURABILITY DESIGN OF METAL STRUCTURES

Service life design methods are aimed at estimating the period of time 
during which a structure or any component is able to achieve the 
performance requirements defined at the design stage with an 
adequate degree of reliability.

Such methods can be considered as mathematical interpretation of the 
service life of a structure as a function of different design parameters 
(Sarja & Vesikari 1996). Several design procedures based on the 
prediction of the deterioration that will likely act on the structure have 
been developed in the framework of the international research, 
especially for reinforced concrete structures

4. SERVICE LIFE DESIGN METHODS

4.1 Definition

DURABILITY DESIGN OF METAL STRUCTURES

RRéunion éunion IInternationale des nternationale des 
LLaboratoires et aboratoires et EExperts des xperts des 
MMatériaux, systèmes de atériaux, systèmes de 
construction et ouvrages construction et ouvrages 

DURABILITY DESIGN OF CONCRETE DURABILITY DESIGN OF CONCRETE 
STRUCTURESSTRUCTURES

19941994

FFederation ederation 
IInternationa du nternationa du bbetoneton MODEL CODE FOR SERVICE LIFE MODEL CODE FOR SERVICE LIFE 

DESIGNDESIGN
20062006

ISO STANDARD 13823 ISO STANDARD 13823 
General principles on the design of General principles on the design of 
structures for durabilitystructures for durability

IInternational nternational 
Organization for Organization for 
StandardizationStandardization

20082008

4. SERVICE LIFE DESIGN METHODS

4.2 References
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DURABILITY DESIGN OF METAL STRUCTURES

PROBABILISTIC
SEMI-PROBABILISTIC

DETERMINISTIC
PRINCIPLES AND 

APPLICATION RULES

Design value 

Service life 

Reference value

td

tg

DURABILITY REQUIREMENTS can be assessed at different level:

P[td<tg] <P*

γ
= ≥k

d g
t

t
t t ≥d gt tFull probabilistic models:

•Effects of the actions
• capacity
• deterioration
• exposure
• geometry

All the uncertainties are taken into
account assuming simplified
probability distribution for random
variables

Basic variables :
1. TEMPORARY

≤ 10 
years

2. ORDINARY 
BUILDINGS

≥ 50 
years

4. SERVICE LIFE DESIGN METHODS

4.3 Basic principles

DURABILITY DESIGN OF METAL STRUCTURES

t

R,E

Rd

Ed

td

= ( , )d d dR R f t

=,( ) costantd d gE F t

The verification of attainment 
of limit states is postponed to 
the end of service life td

The method is used for the calculation of design life of constructions and it is 
based on probabilistic degradation models, which consider the decrease of 
structural resistance caused by different classes of environmental loads.

4. SERVICE LIFE DESIGN METHODS

4.4 Semi probabilistic approach
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DURABILITY DESIGN OF METAL STRUCTURES

As in the case of traditional mechanical design, where the basic requirements are checked 
introducing the design value of capacity and effect of the actions, in this approach the durability 
requirements are intended to be achieved if the design service life is greater then the target 
service life. 

t

R,E

Rd

Ed

td

The durability design based on lifetime safety
factor method is analogous with the static limit
state design. In particular, it is related to control
the failure probability by considering the effects on
R of the environmental loads acting during the
entire life time cycle the resistance R is considered
as a time dependant variable, contrary to static
limit state design, where the effects of time are
usually neglected for R. The effect of the action
are assumed to be constant with time the design
value of action effect contain itself the variability in
time

= ( , )d d dR R f t

=,( ) costantd d gE F t

4. SERVICE LIFE DESIGN METHODS

4.4 Semi probabilistic approach

DURABILITY DESIGN OF METAL STRUCTURES

DURABILITY LIMIT STATE ( DLS)
State beyond which the durability requirements are no longer satisfied. The
attainment of a DLS correspond to the design life td.

SERVICEABILITY DLS
the attainment of SLS-D results in a loss of functionality. It refers to local 
damage, relative displacements, change in appearance that affect the function 
or appearance of the structure.

ULTIMATE DLS
The attainment of ULS-D results in a loss of resistance. It is defined as the 
condition beyond which the capacity of the component or structure become 
equal to or less then the demand on it

4. SERVICE LIFE DESIGN METHODS

4.4 Semi probabilistic approach
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DURABILITY DESIGN OF METAL STRUCTURES

FATIGUE CORROSION

EN 1993- 1-9; ECCS: reccomandation for 
estimation of  remaining fatigue life (2008)

Only conceptual guidance and 
reccomandations

VariationVariation ofof capacitycapacity withwith timetime

A detail from the I 35W bridge on Mississippi river  
Minneapolis (USA). Collapsed on august 2007

5. DURABILITY DESIGN OF METAL STRUCTURES

5.1 Main form of degradation
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DURABILITY DESIGN OF METAL STRUCTURES

The corrosion phenomena of metals and alloys involve mainly two elements:
the material and its environment. In particular corrosion is defined as the
deterioration of a material, usually a metal, that results from a reaction with its
environment (NACE, 2002), causing the degradation of both.

5. DURABILITY DESIGN OF METAL STRUCTURES

5.2 Atmospheric corrosion in outdoor environments

PITTING

UNIFORM CORROSION

UNIFORM CORROSION CORROSION IN COATINGSGALVANIC CORROSION

FATIGUE CORROSION

DURABILITY DESIGN OF METAL STRUCTURES

+ +- -
anode cathode

Fe++

2 e-

OH- OH-

INFLUENCE FACTORS

CHEMICAL COMPOSITON OF METALS, HOMOGEINITY OF SURFACES

ENDOGENOUS FACTORS

TIME OF WETNESS 
the number of hours during which the relative humidity is 

greater than 80% and the average temperature T>0°

EXOGENOUS FACTORS

POLLUTANTS
CHLORIDES IN THE AIR

5. DURABILITY DESIGN OF METAL STRUCTURES

5.2 Atmospheric corrosion in outdoor environments
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DURABILITY DESIGN OF METAL STRUCTURES

First level models (theoretical)

Models based on laws of physics and chemistry In this case the dissolution of metal and the 
formation of corrosion products is evaluated at microscope level in the sense of current

Secon level models (based on field test exposures)

d(t)

100 mm

Spessore circa 0.7-0.8 mm
d(t)

µµµµm / anno
mg / anno

Corrosion rate as a function of 
mass and/or thickness loss with 
time, being obtained from the 
observation and the interpolation of 
experimental data.

5. DURABILITY DESIGN OF METAL STRUCTURES

5.3 Atmospheric corrosion models

DURABILITY DESIGN OF METAL STRUCTURES

Some references

AUTHOR/S YEAR
MATERIALS

CS WS R Al Z P
GUTTMAN & SEREDA 1968 X
HAYNIE & UPHAM 1974 X
ATTERAAS ET AL. 1978 X
HAKKARAINEN & YLASAARI 1982 X X
BARTON ET AL. 1980 X
KNOTKOVA 1984 X X
ISO 9224 1992 X X X X X X
ICP MATERIALS 1998 X X X X X
MULTI-ASSESS 2004 X X X X X
PARK & NOWAK 2003 X X
KLINESMITH 2007 X X X X

(….)
CS= CARBON STEEL  WS= WEATHERING STEEL  R=COPPER Al=alluminiUM Z=zinc P=COATINGS

5. DURABILITY DESIGN OF METAL STRUCTURES

5.3 Atmospheric corrosion models
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d1(t) =rav ·t                                   t <10 anni
d(t) =rav · 10 +  rlin (t-10)             t ≥ 10 anni

EN ISO 9224: 1992EN ISO 9224: 1992

( ) Bd t A t= ⋅= ⋅= ⋅= ⋅
PARK & NOWAK (2003)PARK & NOWAK (2003)

(((( ))))02( ) 1 1
FD H

J T TB SOTOW Cl
d t A t e

C E G
++++                = ⋅ ⋅ + ⋅ + ⋅= ⋅ ⋅ + ⋅ + ⋅= ⋅ ⋅ + ⋅ + ⋅= ⋅ ⋅ + ⋅ + ⋅                

                
KLINESMITH (2007)KLINESMITH (2007)

ML = 34[SO2]
0.33exp{0.020Rh + f(T)}t0.33 ICP MATERIALS (2004)ICP MATERIALS (2004)

5. DURABILITY DESIGN OF METAL STRUCTURES

5.3 Atmospheric corrosion models

DURABILITY DESIGN OF METAL STRUCTURES

The corrosion effects can vary from non-structural maintenance problems to a local 
failure or an overall collapse. 

Kulicki et al. (1990) identified four major categories of corrosion effects:

•loss of section 
•creation of stress concentration
•introduction of unintended fixity
•introduction of unintended movement. 

The loss of material can result in a smaller net cross-section and that may increase 
the stress level for any given load or increase the stress range for a cycling loading 
(thus affecting fatigue resistance). 

In addition, it may lead to a reduction of fracture and buckling resistances of a 
member. In general, the section loss decreases geometrical parameters such as 
moment of inertia and radius of gyration.

5. DURABILITY DESIGN OF METAL STRUCTURES

5.4 Atmospheric corrosion damage
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DURABILITY DESIGN OF METAL STRUCTURES

CORROSION OF MATERIAL DAMAGE OF COMPONENTS

FROM THE MATERIAL TO THE CONSTRUCTION

At component level local exposure as well as steel detail is relevant.

The establishment of models for the corrosion pattern at component level is one of the most
important issue from the designers’ viewpoint.

The corrosion models have been calibrated on the basis of field test exposure of flat or helix
small samples of different metals. The corrosion rate estimated from measures performed on
small samples could be very different from the corrosion rate of a beam as a whole because
it strongly influenced by local exposure condition.

5. DURABILITY DESIGN OF METAL STRUCTURES

5.4 Atmospheric corrosion damage

DURABILITY DESIGN OF METAL STRUCTURES

∆s1(t) ∆s(t)

∆s(t)∆s(t)

∆s2(t)

At this stage, simplified models shall be defined.

The basic assumptions adopted for the evaluation of the atmospheric corrosion attack at cross 
section level are summarised in the followings:

1. At material level only uniform corrosion is considered. Local corrosion (pitting, crevice 
corrosion, etc.) is neglected.

2. Corrosion does NOT affect the material properties such as elastic modulus, yield 
strenght…

3. The basic effect of corrosion is a metal lost that produces:

Reduction of cross section dimensions Variation in geometrical variables

Advanced modelling of the deterioration at cross
section level requires an in-deep knowledge of the
local exposure conditions as well as the construction
detailing of the element under investigation.
Extensive back analysis shall be required to define
realistic damage models under different exposures
for different kind of sections.

5.5 Corrosion damage at cross section level

5. DURABILITY DESIGN OF METAL STRUCTURES
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The classification of cross sections
according to EC3 M/Mp

1
My/Mp 1

2

3

4

∆θm/ θy ∆θu/ θy

1.0 θm/ θy θu/ θy

Rd

c/s

Class 2Class 1

Class 3

Class 4

Rpl

1

C1,2 C2,3 C3,4

5.5 The problem of class passage

5. DURABILITY DESIGN OF METAL STRUCTURES

DURABILITY DESIGN OF METAL STRUCTURES

EN 1993-1-1:2003  

c/s ≤ 33ε

c/s ≤ 38ε

c/s ≤ 42ε

Uniform
compression

Uniform bending

c/s ≤ 72ε

c/s ≤ 83ε

c/s ≤ 124ε

C1,2

Rd

c/s

Class 2Class 1

Class 3

Class 4

Rpl

1

cs

C1,2 C2,3 C3,4

C2,3

C3,4

5.5 The problem of class passage

5. DURABILITY DESIGN OF METAL STRUCTURES

The classification of cross sections
according to EC3
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Deterioration Class passageVariation of geometrical 
dimension

Rd

c/sC1,2 C2,3 C3,4

Rpl

1

s(ϕϕϕϕ)

c

s0

t = 0 t = t1

Class 2Class 1

Class 3

Class 4

5.5 The problem of class passage

5. DURABILITY DESIGN OF METAL STRUCTURES

DURABILITY DESIGN OF METAL STRUCTURES

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

ORDINARY MECHANICAL DESIGN

Output: structural dimensioning 
Rd,Ed,tg

Geometry of cross section
Material/s

DESIGN/VERIFICATION OF DURABILITY

LIMIT STATE APPROACH

PARTIAL SAFETY FACTORS TO BE APPLIED AT THE VARIABLE
SERVICE LIFE
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DURABILITY DESIGN OF METAL STRUCTURES

In order to define the potential damage
due to atmospheric corrosion, the first
step of the durability design procedure
consists in defining the macro-
environment where the structure is
located in. The analysis of the
environmental condition is performed
and it provides the project background.

The output of this phase is the
classification of the structure
environment by means of corrosivity
class (C1-C5).

C1 VERY LOW 

C2 LOW

C3 MEDIUM

C4 HIGH

C5 VERY HIGH

STEP 1: CHARACTERIZE STRUCTURE ENVIRONMENT

STANDARD ISO 9223:1992 ; EN 12500:2000STANDARD ISO 9223:1992 ; EN 12500:2000

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

DURABILITY DESIGN OF METAL STRUCTURES

On the basis of the quality of input
data it is possible to select the most
suitable model for the evaluation of
the corrosion rate of structural
materials under investigations.

The output of this step is the selection
of a deterioration model at material
level dk(t).

t 
(year)

d(t) 
(mm) Ci

Lower 
bound 
d0.05

Upper 
bound 
d0.95

STEP 2:  DEFINE THE DETERIORATION MODEL AT MATERIAL LEVEL

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES
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STEP 3: DEFINE THE DAMAGE MODEL AT CROSS SECTION LEVEL

0

20

40
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80

100

120

140

160

180

200

0% 5% 10% 15% 20% 25% 30% 35% ξξξξ
[%]

t
[years]

At this stage the corrosion rate of
material is transformed in thickness loss
of the investigated component. As for
cross section deterioration modelling see
section 5.2.

The output of this step is the definition of
the deterioration model at component
level by means of normal function ϕk(t).

Deterioration  at component level [%]

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

DURABILITY DESIGN OF METAL STRUCTURES

the evaluation of structural
capacity R over time shall be
developed taking into account the
class passage problem

At this stage the basic formula
provided in relevant codes for the
definition of design value of
structural capacity are considered.
All the geometrical parameter are
assumed to be time-dependant.

ξ ξ ξ ξξξξ

Flowchart

Deterioration  at component level [%]

C
ap

ac
ity

  [
%

]

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

STEP 4: DEFINE THE RESISTANCE FUNCTION
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DURABILITY DESIGN OF METAL STRUCTURES

ULS-D : ULTIMATE DURABILITY
LIMIT STATE

SLS-D : SERVICEABILITY
DURABILITY LIMIT STATE

The attainment of SLS-D results in a 
loss of functionality. It refers to local 
damage, relative displacements, 
change in appearance that affect the 
function or appearance of the 
structure. 

The attainment of ULS-D results in a 
loss of resistance. It is defined as the 
condition beyond which the capacity 
of the component or structure become 
equal to or less then the demand on 
it: Rd(t)=Ed

Flowchart5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

STEP 5: SELECT THE DURABILITY LIMIT STATE OF INTEREST

DURABILITY DESIGN OF METAL STRUCTURES

( )
1

(1 ) 1γ β= − +
t

n
tk DkV V

Flowchart

According to Sarja et al.

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

STEP 6: APPLY RELEVANT PARTIAL SAFETY FACTOR TO SERVICE LIFE 
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DURABILITY DESIGN OF METAL STRUCTURES

At the end of service life the limit state inequality is 
no longer achieved

PROBLEM

Define the overstrenght required to achieve the 
basic requirements after the service life has expired

ORDINARY MECHANICAL DESIGN

Input data:

Reference period tg
Material

Cross section typology

d dR E=

PRE-DIMENSIONING ACCORDING TO 
ECONOMIC DESIGN CRITERION

R’d

tg t

R,E

Rd=Ed

Flowchart

Evaluate the overstrenght

γγγγt
td

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

STEP 7: DESIGN FOR DURABILITY

DURABILITY DESIGN OF METAL STRUCTURES

PROBLEM

Evaluate wheter or not the initial 
over strenght is adequate to 
achieve the basic requirements 
since the service life has 
expired

t

R,E

R’d

Ed

tdtg

Flowchart

γγγγt

5.6 Methodology for durability design

5. DURABILITY DESIGN OF METAL STRUCTURES

STEP 7: VERIFY DURABILITY REQUIREMENTS
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CONTENTS
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Durability in standards and codes

Principles of ordinary structural design

References

Durability design of metal structures

Example: durability design of RHS
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Overview of service life design methods

DURABILITY DESIGN OF METAL STRUCTURES

AN APPLICATION TO A RECTANGULAR HOLLOW SECTION SUBJECTED TO 
UNIFORM BENDING MADE OF WEATHERING STEEL

6. AN EXAMPLE
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WEATERING STEEL RHS SUBJECTED TO UNIFORM BENDING

Weathering steels are a class of low alloy steels containing about 2% of specific alloying
elements such as copper, chromium, silicon and in some cases phosphorus, that has been
added in order to increase its resistance to atmospheric corrosion by forming an auto-protective
oxide layer on the base metal under the influence of weather conditions.
NO COATING PROTECTIVE SYSTEMS REQUIRED
The enhanced corrosion resistance results from the formation of an adherent rust patina which
acts as a barrier and inhibits further corrosion.

It is important to notice that even in the guidelines for durability provided in the Annex C EN
10025-5 (2005), no quantitative design procedures are provided for the dimensioning of
structural elements against corrosion. Indeed, it is declared that it is the responsibility of the
designer to include corrosion of unprotected steels in his calculation and, as far as is necessary,
to compensate for this by increasing the thickness of the product.

The BD refers to ISO 9223 (1992) for the corrosivity classification of atmospheres and it
recommends to provide a corrosion allowance of about 1 mm per surface in classes C1- C3
(‘mild’ environments for weathering steel).and 1.5 mm per surface in classes C4, C5 (‘severe’
environments for weathering steel) while for the ‘interior’ surfaces of box-sections the
allowance shall be 0.5 mm

6. AN EXAMPLE

DURABILITY DESIGN OF METAL STRUCTURES

6

6

120

400 388

108

OUTPUT OF MECHANICAL DESIGN

DATA

Reference period tg                         100 years

Material                                 WEATHERING STEEL

Cross section                       RECTANGULAR HOLLOW       
SECTION

d dR E=

PREDIMENSIONING ACCORDING TO ECONOMIC 
DESIGN

Dimensions in mm

6. AN EXAMPLE
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C1 VERY LOW 

C2 LOW

C3 MEDIUM

C4 HIGH

C5 VERY HIGH

Temperate zones; medium pollutant contamination  (12 <SO2 [µg/m3] <40); low chloride 
influences. E.g.: urban areas, coastal area characterized by low chlorides deposition rate. 

Tropical zones with low pollution.

CHARACTERIZE STRUCTURE ENVIRONMENT

6. AN EXAMPLE

DURABILITY DESIGN OF METAL STRUCTURES

DEFINE THE DETERIORATION MODEL AT MATERIAL LEVEL
d(t) 
(mm)

C3

WEATHERING STEEL

t    (years)

∆∆∆∆s (t)

s0

DEFINE THE DAMAGE MODEL AT CROSS SECTION LEVEL

6. AN EXAMPLE

i.e. ISO 9224:1992
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CLASS 1-2

G

zG

G

zG

G’

fyfy σlim,h

G

zG

CLASS 3 CLASS 4

DEFINE THE RESISTANCE FUNCTION

6. AN EXAMPLE

DURABILITY DESIGN OF METAL STRUCTURES

DEFINE THE RESISTANCE FUNCTION

6. AN EXAMPLE

R(ϕ)
Rpl(0)

Deterioration  at component level [%]
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DESIGN FOR DURABILITY ACCORDING TO 
ECONOMIC CRITERION

td=tg=100 years

∆R = 0.24

QUANTIFY THE REQUIRED 
OVERSTRENGHT

6. AN EXAMPLE

QUANTIFY THE CORROSION ALLOWANCE

6

120

400 388

108

Dimensions in mm

8,4

DURABILITY DESIGN OF METAL STRUCTURES
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Basic definitions and terminology

What is maintenance of constructions?

Maintenance is work to prevent a structure reaching a 
point where “repair” is required. Maintenance may 
involve disassembly or decommissioning of the 
structure or part of the structure.

Maintenance could be:
PREVENTIVE: avoidance of decay
CORRECTIVE: renewal of decayed material
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Repair is work to bring an existing structure 
back into service following:

• a failure of the structure or part of the 
structure, or

• the structure reaching a state in which it is 
no longer fit for its initial purpose

Structural upgrade or Retrofit
(e.g. Strengthening or Consolidation or Reinforcement)

Intervention or modification of the structure in order to 
enhance its response capacity to the actions which may 
load to the damage or failure.

Levels of interventions:
- life safety (safeguarding);
- structure survivability;
- structure operability (e.g. usability);
- primary structure undamaged;
- structure unaffected.

Performance Based 
Selection Criteria

324



Retrofit vs. Maintenance

• Structural retrofit may include or not repair;

• Usually, structural retrofit is related to the change of 
destination of the building when it includes new capacity 
demands or when the increase of structural performance 
is imposed;

• When no proper maintenance of the structure is 
provided not only repair, but also retrofit could be 
necessary.

Refurbishment vs. Retrofit

REFURBISHMENT = RETROFIT (REPAIR) +
[upgrade of finishing and/or 
facilities, and/or change of 
destination and/or restructuring of 
building layout] (e.g. extension,
addition of a new storey etc.)
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Why maintenance, repair or upgrade
is necessary

• Design life-time vs. in-time degrading of 
building materials due to aging, climatic factors, 
environmental conditions;

• Climate change effects, different to those 
traditionally considered;

• Extreme actions.

Natural hazards, 1980–2008

The losses from the extreme weather events has more than doubled since 1980 
(Munich Re, 2008)
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• Winter storms Anatol, Lothar and Martin, Dec. 1999
– Peak winds speed over 160 km/h in large areas

(in some exposed locations up to 260 km/h) 
– > 160 fatalities
– > 10 450 Insured losses (€m)

Country Insured losses (€m)

Denmark 2 000

France 6 900

Germany 750

Switzerland 800

Total 10 450

Climate  induced loads effects

• Heavy snow winter, 2005/2006
– Many buildings collapsed, including large 

buildings: 
• Bad Reichenhall ice rink (Germany), 

Exhibition hall in Kattowitz (Poland), Market in 
Moscow (Russia)

• Large snow load corroborated with 
deficiencies in design and maintenance, lack 
of robustness

– Hundreds of fatalities, billions of euros damages

Climate  induced loads effects
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• Winter 2009/2010 - bad winter weather in 
decades 
– Snow and ice hit airports, roads and railways (e.g. 

stuck trains in Channel Tunnel, thousands of 
flights to/from major European airports cancelled 
or delayed)

– Exceptional snowfalls and snowdrifts (damages to 
roofs, infrastructure)

Climate  induced loads effects
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• EN 1991-1-3: Eurocode 1: Actions on Structures: Part 1-3: 
Snow Loads - already proposed to take into account 
exceptional snow:
– Exceptional fall (e.g. larger than code provisions in snow-prone 

areas or snow in non-snow prone areas)
– Exceptional drift 

• Difficulties in indicating areas affected by exceptional falls
(national responsibility) and in the correct evaluation of 
snow drift (it can be 4-5 times larger than undrifted snow) 

• Snow drift is particularly very dangerous on very large 
roofs !!!!

Climate  induced loads effects

� Two adjacent buildings
� 120x80m, 13.0m height
� 180x80m, 9.5m height

� Snow drifting
� Accumulation up to 4.0m of snow 
� Undrifted snow 1.0m
� Very large deformations of the roof, 

purlins and panels severely damaged
� Structural collapse prevented

� Snow was removed from the roof in 
the drifted area

� Repairing, upgrading necessary:
� Purlins will be replaced
� Panels will be replaced or 

strengthened
� Local strengthening at main 

girders

Bucharest, January 2010
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Resistance of materials

Resistance of materials
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Climate change imposes continuous 
maintenance and repair

Climate 
indicator 

Climate change risk Physical, social and cultural im pacts on cultural heritage

Atmospheric 
moisture 
change

− Flooding (sea, river)
− Intense rainfall
− Changes in water table levels 
− Changes in humidity cycles
− Sea salt chlorides

− Physical changes to porous building materials and finishes due to rising damp
− Subsoil instability, ground heave and subsidence
− Relative humidity cycles/shock causing splitting, cracking, flaking and dusting of 

materials and surfaces
− Corrosion of metals

Temperature 
change

− Diurnal, seasonal, extreme events 
(heat waves, snow loading)

− Changes in freeze-thaw and ice 
storms, and increase in wet frost

− Deterioration of facades due to thermal stress
− Damage inside brick, stone, ceramics that has got wet and frozen within material 

before drying
− Inappropriate adaptation to allow structures to remain in use: roofs failure, 

pipelines , electric and communication networks failure, etc

Wind − Wind-driven rain
− Wind-transported salt
− Wind-driven sand
− Winds, gusts and changes in 

direction

− Static and dynamic loading of historic or archaeological structures
− Structural damage and collapse

Climate and 
pollution 

− pH precipitation
− Changes in deposition of pollutants

− Corrosion of metals

Climate and 
biological 

effects

− Proliferation of invasive species
− Spread of existing and new species 

of insects (e.g. termites)

− Collapse of structural timber and timber finishes

Note: Only issues related to the current Action are mentioned here

Risk and impact of climate change on built heritage  (30th Session of WHC, Vilnius 2006 )

• Products for construction works need to 
satisfy essential requirements for at least the 
design working life (Council Directive 
89/106/EEC), e.g.:
– Mechanical resistance and stability
– Safety in use

Resistance of materials
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Design Safety Criteria

• Buildings should remain stable for at least the designed 
working life (currently 50 – 100 yrs; cultural heritage more)

• The safety margins expressed by the general condition of 
structural reliability may be strongly affected:

• Both terms are influenced by the climate change:

– Climate change may influence the return period of extreme weather 
events (heavy loads of snow or extreme winds) which results in an 
increase of loads Ed

– Changes in temperature, humidity, levels of precipitation, wind, 
frequency of extreme weather and emissions reduce the durability of 
the materials and their resistance Rd. Rate of degradation strongly 
increased reducing construction  life.

d dE R< Ed – load effect

Rd - resistance

Maintenance, repair, upgrade vs. LCC
Factors to consider:

•Initial cost
•Daily or typical maintenance costs
•Energy costs
•Regular but periodic maintenance
•Major renovation/restorations
•Inflation
•Building lifespan

Energy life cycle for an office building over 60 years lifespan

Sustainable steel construction, Corus 2006
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Maintenance, repair, upgrade vs. LCC

LCC over Building Lifespan

International Masonry Institute, Professional Education Programs, ©IMI 2008

Amount of 
deterioration

MAINTENANCE

International Masonry Institute, Professional Education Programs, ©IMI 2008

333



INTERVENTION – SINGLE EVENT

Amount of 
deterioration

Rate of 
deterioration

International Masonry Institute, Professional Education Programs, ©IMI 2008

Building Surveying or Building MonitoringBuilding Surveying or Building Monitoring

Follow-up of Building State:
• Visual inspection, instrumented monitoring
(ex. deformations, vibrations, stress levels, optical, 
ultrasonic, thermo-graphic etc.)

Role of Building Survey
• Understanding the state of building defects;
• Determining the causes of building defects;
• Identifying appropriate methods and techniques for 
building maintenance and/or repairing
• Providing reference materials to clients, consultan ts & 
designers, contractors etc.
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Monitoring & Inspections

Monitoring:
– Information on the influential parameters
– Can be used to update the model parameters
– Can serve as real-time „alarm system“
– Does generally not provide direct information on the

state of the system

Inspections:
– Provides (direct) information on the state of the structure
– Serves as basis for repair decisions
– Only indirect updating of model parameters (such as

stresses, temperature, etc...)

Maintenance is always associated with surveying!!!

Construction Evaluation

When no proper maintenance, buildings 
degradation occurs and damage have to be 

identified and the building (construction) has to 
be evaluated in order to decide repair and/or 

upgrade strategy.
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1. GENERAL INFORMATION
- use of building;
- construction period;
- constructional technology;

2. MORPHOLOGICAL ANALYSIS
- lengths;
- angles;
- out-of-level;
- displacements (absolute and relative);
- rotations (absolute and relative);

- optical methods;
- photo-grammetric method;
- variometric methods;

- geological analysis of subsoil;

Construction Evaluation

3. STRUCTURAL IDENTIFICATION
- structural classification;
- definition of the  structural layout;
- examination of design graphics;

4. STRUCTURAL HISTORY
- erection stages;
- change in structural layout;
- previous consolidation operations;

- direct structural interpretation;
- archive investigation;

Construction Evaluation
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5. DAMAGE EVALUATION
- definition of the crack pattern;
- structural damage (load-bearing elements);
- non structural damage (complementary elements);
- interpretation of damage mechanism;
- correlation of damage with external actions;
- study of damage development;

6. WEIGHT ANALYSIS
- dead load evaluation;
- overload evaluation;

7. CHECKING BY CALCULATION
- structural analysis of the as-designed building;
- structural analysis of the damaged building;

Construction Evaluation

8. DESIGN OF PROVISIONAL SHORING WORKS
- approximate structural analysis of the building to be
strengthened;

- safety evaluation;
- choice and design of the shoring works;

9. MATERIAL FEATURES EVALUATION
(for both structural and soil material)

- state of conservation;
- compressive, tensile and shear strength;
- elastic and post-elastic features;
- on-site tests;
- laboratory tests;
- destructive tests;
- non-destructive tests (recommended for historic buildings);

Construction Evaluation
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10. DEFINITION OF STRUCTURAL NEEDS
- stiffness of horizontal diaphragms;
- effectiveness of connection between horizontal and
vertical structures;

- stiffness of inter-storey beams;
- number and influence of wall openings;
- elimination of thrusting elements;

11. DESIGN OF INTERVENTIONS
- conservative consolidation;
- strengthening;
- degutting;
- lightening;
- extension;
- structural retrofit;
- re-building;

Construction Evaluation

12. CHECKING BY CALCULATIONS
- structural analysis of the strengthened building;
-evaluation of the achieved safety level;

A Performance Criteria Based Evaluation A Performance Criteria Based Evaluation 
always recommended!always recommended!

Construction Evaluation
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INVESTIGATION METHODS ON
DAMAGED STRUCTURES

Non destructive methods:
-ultrasonic methods;

-radiographic (γ-ray) methods;

INVESTIGATION METHODS ON
DAMAGED STRUCTURES

Non destructive methods:
-thermographic analysis;

-magnetoscopic methods;
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INVESTIGATION METHODS ON
DAMAGED STRUCTURES

Non destructive methods:
-electric potential measure;

- sclerometric analysis;

INVESTIGATION METHODS ON
DAMAGED STRUCTURES

Destructive methods:
-flat jack test;

-drilling coring of samples;

- pulling out of masonry blocks;
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Advanced Risk or Performance 
Based Structural Inspection

RBI is a system used to determine the likelihood of failure and, the 
consequences of failure. The likelihood and consequences are 
combined to produce an estimate of risk.

Risk = Likelihood of failure ×××× Consequence

Key point:
• Likelihood

- failure per year
- need to understand failure cause (at what point it fails).

• Consequence
- fatalities or cost.
- need to understand failure mode (how it fails, what will result from 
failure).

(Ramesh J. Patel: Risk Based Inspection, 3rd MENDT- 27-30.11.2005 Bahrain, Manama)

Traditional Approach
• Designed to find problems 

if they occur
• Based on prescriptive rules 

and leave little possibility 
to adapt the inspection 
effort to the actual 
condition of the 
components or the 
importance of the 
component  

Risk-Based Approach
• Designed to find problems 

that occur
• Designed to anticipate 

problems, thereby minimizing 
risk

• Provide a rational basis for 
adapting the inspection effort 
to the condition of component 
and for prioritizing 

inspection efforts in 
accordance with the 
importance
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Define inspection strategies
• What percentage of the structure should be inspected
when and with which method?
• Define inspection/repair strategies:

• When should repair actions be carried out? Repair criteria should 
be given as a function of the inspection outcomes

Straub, Malioka & Faber. Overview on the Asset Integrity Management of Large 
Structures, 3rd Probabilistic Workshop BOKU Wien, 24 November 2005

Planning of inspections concerns the identification of:
– What to inspect for
– Where to inspect
– When to inspect
– How to inspect

Inspection planning based on the RBI approach is a rational and 
cost efficient decision!

(Risk-based Inspection Planning, M. Faber, Structural Engineering International, 3/2002)

The inspection and maintenance planning process is formulated as a 
problem where the overall service life costs are minimized.
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Influence of Uncertainties

The deterioration processes are only partly underst ood and 
their evolution in time is associated with signific ant 
uncertainties.

Inspections and maintenance actions are also subjec t to 
substantial uncertainties ⇒⇒⇒⇒ different inspection methods, 
different time intervals between inspections and 
corresponding repair actions.

Statistical or probabilistic models are used for th e 
prediction of future deterioration.

Factors influencing Risk Based Inspection 
Planning – Domain of Inspection Planning

(M. Faber, Risk-based Inspection Planning, Structural Engineering International, 3/2002)
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The general inspection and maintenance problem

The performance of engineering systems over time is subject to a 
number of uncertainties. These include operational conditions, material 
characteristics and environmental exposure.

Inspection planning decision tree

(Risk-based Inspection Planning, M. Faber, Structural Engineering International, 3/2002)

Assessment of Consequences

Type of component ⇒ repair and failure have significant 
consequence on material damage, production and operational loss, 
as well as safety for personnel.

Inspections, repairs, failures ⇒ consequences on costs

Event of failure ⇒ consequences on potential loss of lives

⇒⇒⇒⇒⇒⇒⇒⇒ EVENT TREEEVENT TREE
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Assessing the consequences of failure, the following  aspects 
are important:

- degradation mechanism – how will the component degra de

-- location of the componentlocation of the component

-- function of the componentfunction of the component

-- system effects system effects –– how does the component interact wi th other how does the component interact with other 
componentscomponents

-- repair philosophy repair philosophy –– what is the line of action shou ld the what is the line of action should the 
component failcomponent fail

Integrating Monitoring in RBI

Straub D – Integrating Monitoring in Risk Based Insp ection Planning. Structural Engineering SIMoNET, 5 
May 2004, UCL London

– Monitoring provides information about 
influencing parameters
– Inspection plans (and related risks) are 
constantly actualized as a function of these 
parameters (their changes)
– Additionally the monitoring also reduces the 
uncertainty on the model parameters which are 
the basis of RBI
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Integrating Monitoring in RBI

Straub D – Integrating Monitoring in Risk Based Insp ection Planning. Structural Engineering SIMoNET, 5 
May 2004, UCL London

Performance Based Evaluation and 
Intervention Strategy

Performance-Based Earthquake Engineering (PBEE) provide
methods for designing, constructing, evaluating and maintaining
buildings, such that they are capable of providing predictable
performance when affected by earthquakes.

Performance is measured in terms of the amount of damage
sustained by a building, when affected by earthquake ground
motion.

The performance-based design concept implies the definition of
multiple target performance (damage) levels which are expected to
be achieved, or at least not exceeded, when the structure is
subjected to earthquake ground motion of specified intensity.
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Evaluation, Design and Construction
within Conceptual framework of

Performance Based Seismic Retrofit (PBSR)
Evaluation

Performance evaluation 
of existing building

Evaluation of potential 
strenghtening solutions 
(via conceptual design)

Acceptability criteria

Selected technique 
(preliminary level)

Preliminary design

Acceptability of 
preliminay design 
(retrofitted building 
evaluation)

Final design

Acceptability of 
preliminay design 
(detailing impact on 
fabrication and erection 
technology, cost)

Design review

Quality assurance

Building maintenance 
and function

Design

Construction

* Adapted from SEAOC Vision 2000 
Commitee (1995). Performance - based 
seismic engineering of building. Report.

NO

YES

NO

YES

YES

NO

Phases of Performance Based Seismic Evaluation and RetrofitPhases of Performance Based Seismic Evaluation and Retrofit
In itiate the proce ss • Jurisdict ional requirements 

• Architectural changes 

• Voluntary  upgrade 

Selec t qualified profession als • Structural Engineer 

• Architect 

Estab lish performance objectives • Structural Stability, Limited Safety, Life 
Safety, Damage Control, Immediate 
Occupancy 

Review building conditions • Review Drawings 

• Visual Inspect ion 

• Preliminary Calculat ion 

Formula te a strategy • Simplif ied Procedures 

• Inelastic Capacity Methods 

• Complex Analyses  

Begin  the approval process • Building Offic ial 

• Review 

Conduct d etailed Inve stigations  • Site Analysis 

• Material Properties 

• Construction Details 

Characterize seismic capac ity • Modeling Rules 

• Force and Displacem ent 

Determine seismic demand • Seismic Haz ard 

• Interdependence with Capacity 

• Target Displacement 

Verify perfo rman ce • Global Response Limits 

• Component Acceptability 

• Conceptual Approval 

Prepare cons truction docu ments • Similarity to New Construction 

• Plan Check 

• Form of Construction Contract 

S
T

R
A

T
E

G
Y

                                             C
O

N
C

E
P

T
                                                D

E
T

A
IL Mo nitor construc tion quali ty • Submittals, Tests and Inspection 

• Verification of Existing Condit ions 

• Construction Observ ation by Designer 
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General principles in PBSAGeneral principles in PBSA

• A Rehabilitation Objective consists of one or more rehabilitation
goals, each goal consisting in the selection of a target Building Performance 
Level and a Natural Hazard Level (earthquake, strong wind, snow storm etc.).

• Rehabilitation Objectives should be selected based on the building’s 
occupancy, the importance of the functions occurring within the building, 
economic considerations including costs related to building damage repair 
and business interruption, and consideration of the potential importance of the 
building as a historical or cultural resource.

Building Performance Level

Natural Hazard

Rehabilitation Objectives

General principles in PBSAGeneral principles in PBSA

Rehabilitation Objectives according to FEMA 356:
• Basic Safety Objective (BSO)

• Enhanced Rehabilitation Objectives (BSE-1, BSE-2)

• Limited Rehabilitation Objectives

- Reduced Rehabilitation Objective

- Partial Rehabilitation Objective
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General principles in PBSAGeneral principles in PBSA

Seismic hazard 
level

Building Performance Level

Limited damage Live Safety
Collapse 

prevention

30 years BSO

50 years BSE-1 BSE-2 LRO

100 years BSO

225 years BSE-2

475 years BSE-1

975 years BSE-1

Earthquake 
Probability

Performance Objective

Fully 
Operational

Operational Life Safe Near Collapse

Frequent □ Unacceptable

Occasional O □ performance

Rare ■ O □

Very rare ■ O □

□ Basic Facilities; O Essential/Hazardous Emergency Response Facilities; ■ Safety Critical Facilities

• Evaluation methods

• Linear analysis

• Nonlinear analysis

• Need to build a capacity curve of the structure and a demand curve associate 
with an intensity of earthquake - the intersection of the capacity and demand 
curves is called the performance point of the building. Based on the location 
of this performance point, performance level of the building is determined

Evaluation methods for PBSAEvaluation methods for PBSA
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Choice of the intervention techniqueChoice of the intervention technique

Aim of rehabilitation program of buildings: 
• The removal of the causes of the continuing deterioration;
• The better conservation of the building after the work is completed;
• The improvement of the value.

Alternative solutions validated in terms of four group criteria of different nature:
• Cultural and/or social values;
• Technical aspects

Reversibility of intervention, Compatibility, Durability, Corrosion, UV
resistance, Aging, Creep, Local conditions, Availability of material/device,
Technical capability, Quality control

• Structural aspects
Structural performance (Strength, Stiffness, Ductility, Fatigue), Response to
fire, Sensitivity to changes of actions/resistances e.g. seismic action,
temperature, fire, soil conditions, Accompanying measures, Technical
support (Codification, Recommendations, Technical rules),
Installation/Erection e.g. availability/necessity for lifting equipment

• Economical and sustainability aspects
Costs, Design, Material/Fabrication, Transportation, Erection/Installation/
Maintenance, Preparatory works

Choice of the intervention techniqueChoice of the intervention technique

Strengthening solutions for a RC Frame
(CEB Fastenings for Seismic Retrofitting - State-of-the-art Report. 

Bulletin 226 part 2, Telford, London, 1996)
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•• Validation based on structural responseValidation based on structural response

ValidationValidation

Cs - Capacity curve for strengthened structure

Cu - Capacity curve for unstrengthened structure

S
p
e
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Spectral Displacement

Ds - Demand curve for strengthened structure

Du - Demand curve for unstrengthened structure
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Spectral Displacement

a) Effect of structural strengthening b) Effect of deformation enhancement
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Spectral Displacement

c) Effect of enhanced energy dissipation

Ds

Du

Ds, Du

Du

Ds

Performance Point of

Strengthened Structure

Cs

Performance Point of

Original Structure

Cu

Performance Point of

Strengthened Structure

Cs

Performance Point of

Original Structure

Cu

Cs

Cu

Performance Point of

Strengthened Structure

Vulnerability AnalysisVulnerability Analysis

Vulnerability = the sensitivity of the exposure to seismic hazard(s).

The vulnerability of an element is usually expressed as a percentage 
loss for a given hazard severity level.

In a large number of elements, like building stocks, vulnerability may 
be defined in terms of the damage potential to a class of similar 
structures subjected to a given seismic hazard.

Vulnerability analysis reveals the damageability of the structure(s) 
under varying intensity or magnitudes of ground motion. 
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Vulnerability AnalysisVulnerability Analysis

Structural vulnerability and damage states for vari ous level of seismic demand 

Steel solutions for the seismic retrofit and upgrade of existing constructions. RFSR-CT-2007-00050

Steps evaluation of building safety Steps evaluation of building safety 
Identification of Building Typology

Selection of Appropriate Fragility Function

Vulnerability Factors Identification

Checking of Vulnerability by Quick Mathematical Calculation

Identification of Probable Influence by the Different Vulnerability Factors to 
the Seismic Performance of Buildings

Interpretation of the Building Fragility Based on the 
Surveyed Vulnerability Factors

Making Safety Statement of the Building
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The structural damage statesThe structural damage states

- four damage states, slight, moderate, extensive and complete.

The four damage states described for light frame wood buildings

Decisional matrix Decisional matrix for selectionfor selection
of rehabilitation methodof rehabilitation method

Structural aspects L M H Mark

Capability to achieve the requested performance objective (after building 
evaluation!)

Compatibility with the structural system (no need for complementary 
strengthening or confinement measures)

Adaptability to change of seismic actions typology (near field, far field, 
T<>Tic, etc)

Adaptability to change of building typology

Technical aspects L M H Mark

Reversibility of intervention

Durability

Operational

Functionally and aesthetically compatible and complementary with the 
existing building

Sustainability

Technical capability

Technical support (Codification, Recommendations, Technical rules)

Availability of material/device

Quality control

Economical aspects L M H Mark

Costs (Material/Fabrication, Transportation, Erection, Installation, 
Maintenance, Preparatory works)

L = low, M = medium, H = high ; Mark – L (5-6), M (7-8), H (9-10)
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REVERSIBLE MIXED TECHNOLOGIESREVERSIBLE MIXED TECHNOLOGIES

No application on existing buildings is 100% reversible. The goal 
should be to apply upgrading techniques that do not need large 
interventions on the existing structure.

Minimum requirements for a good reversibility are:
• The device is easily removable (in order to be replaced after the 
earthquake or removed and replaced by better technology some time 
in the future).
• The connection area in the existing structure should not be 
changed in geometry, strength or stiffness after removal of a device. 
Holes for connection anchors or bolts are acceptable, but should be 
grouted.

Practical application. Case Study Practical application. Case Study 

SetSet--up of advanced reversible mixed technologie s for up of advanced reversible mixed technologies for 
seismic protection (PROHITECH seismic protection (PROHITECH -- WP6)WP6)
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SetSet--up of advanced reversible mixed technologie s for up of advanced reversible mixed technologies for 
seismic protection (PROHITECH seismic protection (PROHITECH -- WP6)WP6)

SetSet--up of advanced reversible mixed technologie s for up of advanced reversible mixed technologies for 
seismic protection (PROHITECH seismic protection (PROHITECH -- WP6)WP6)
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Practical application. Case StudyPractical application. Case Study

• Even if, at the element level, the retrofitting techniques have
been proved their efficiency, in order to validate these techniques is needed 
for a global procedure to evaluate the behaviour an entire retrofitted building

• As a case study was chosen the benchmark proposed within the framework 
of STEELRETRO project
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Evaluation procedureEvaluation procedure

• In order to practical apply these techniques, an evaluation 
methodology is proposed. 

• 1. A complete numerical tool calibrated based on experimental 
results is needed. 

• 2. By using the numerical model a “numerical experimentation” 
must be performed in order to establish the behavior of different 
retrofitted walls typologies. 

• 3. An equivalent material able to replicate the numerical 
behavior of the retrofitted model will be calibrated so as to be 
applied in global analysis of the buildings. 

• 4. A final validation is needed by extracting the critical areas of 
the building and making a local check, using the complete 
numerical model.

Experimental results Experimental results -- Retrofitting solutionRetrofitting solution

•• The proposed technique is based on:The proposed technique is based on:
•• shear steel (SSP) and aluminum panel (ASP) shear steel (SSP) and aluminum panel (ASP) 
•• stainless steel (SS) and zinc coated (ZC) wire mesh  (SWM)stainless steel (SS) and zinc coated (ZC) wire mesh  (SWM)

•• In order to validate the solutions, an experimental  program was In order to validate the solutions, an experimental  program was 
carried out at CEMSIG Laboratory, which included:carried out at CEMSIG Laboratory, which included:
–– Material tests; Material tests; 
–– Preliminary tests on 500 x 500 mm specimens;Preliminary tests on 500 x 500 mm specimens;
–– Full scale tests on 1500 x 1500 mm specimens, both under Full scale tests on 1500 x 1500 mm specimens, both under 

monotonic and cyclic loading.monotonic and cyclic loading.
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Retrofitting solution Retrofitting solution –– technical aspectstechnical aspects

• The application technology is rather simple. Metallic plates must be 
previously drilled. Afterwards the plate is placed on the wall, anchor holes 
are drilled in the masonry wall through the plate holes. The dust is blown 
away from the holes, followed by the injection of epoxy resin and fixing of 
chemical anchors

• Prestressed ties are applied similarly, but no resin is used, and the ties are 
tightened using a torque control wrench.

Experimental workExperimental work

• Geometrical dimensions of 150x150x25cm – monotonic and 
cyclic loading conditions

• One side / Both sides

Monotonic 
and cyclic

Reference REF 1

Steel plates
Chemical anchors SSP-CA  2

Prestressed ties SSP-PT 2

Aluminium 
plates

Chemical anchors ASP-CA 2

Prestressed ties ASP-PT 2

Steel wire mesh SWM 2
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Experimental workExperimental work
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Experimental workExperimental work
• Experimental set-up – monotonic tests 

• Retrofitted elements were tested until failure, the deformations of the wall 
were measured by linear displacement transducers, which were placed along 
the height of the wall, on the left and the right sides, measuring the horizontal 
displacement of the specimen

Tie Steel Bar

Testing Frame
(steel)

Hydraulic Jack

1
2
5

1
2
5

1
2
5

1
2
5

Clay Brick 
Masonry Wall

150

Displacement 
Transducers

H

V
Concrete 

block
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Experimental workExperimental work

• Cyclic set-up

• The tests were carried-out in two steps. First there has been applied a 
vertical load of 30t, after the upper reinforced concrete - steel beam was 
restrained and the lateral steel bars were tight.

• Horizontal loading was applied using displacement control, with the lateral 
drift of the panel being used as control parameter. In the case of cyclic 
loading the following loading protocol was used: one cycle at ±0.5 mm, ±1.0 
mm, ±1.5 mm, ±2.0 mm, ±3.0 mm, ±5.0 mm, ±7.0 mm, ±9 .00 mm, ±11.00 
mm etc. The "yield" displacement, ey, was considered when significant 
stiffness degradation was observed. After “yielding”, three cycles at ey, 1.5 
ey, 2 ey etc. were applied, until the failure of the specimen occurred.

Experimental workExperimental work

360



Experimental results Experimental results –– monotonic testsmonotonic tests

SSP – CA - 1 SSP – CA - 2

SSP – PT- 2SSP – PT- 1

Experimental results Experimental results –– monotonic testsmonotonic tests

Comparative monotonic results / reference specimen

0
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9
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E 0.912 1.126 1.103 1.05 1 1 1.75 1.189 0.882 1.065 0.441 0.997 0.279 1.131 1.103 1.125 0.721 1.027 0.324 0.914 0.397 1.26

M 4.348 1.693 1.099 1.175 1 1 8.709 1.691 5.695 1.145 8.02 1.705 3.834 1.164 3.609 1.121 1.497 1.041 3.738 1.402 3.245 1.322

U 3.916 1.693 2.663 1.175 1 1 7.05 1.691 7.023 1.145 7.833 1.705 7.258 1.164 3.655 1.121 5.483 1.041 4.23 1.402 7.05 1.322

d F d F d F d F d F d F d F d F d F d F d F

SWM2m SWM1m REF ASP-PT-2m ASP-PT-1m ASP-CA-2m ASP-CA-1m SSP-CA-2m SSP-CA-1m SSP-PT-1m SSP-PT-2m
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Experimental results Experimental results –– cyclic testscyclic tests
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Experimental results Experimental results –– cyclic testscyclic tests

Comparative negative cycles results / reference specimen
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U- 1.89 1.353 1.629 1.009 1 1 6.545 1.251 6.609 0.955 3.631 0.919 2.431 0.756 0 0 3.617 0.774 1.728 0.764 0 0

M- 2.274 1.353 2.208 1.011 1 1 10.95 1.249 2.522 0.958 1.797 0.919 0.701 0.756 0 0.988 0.654 0.774 2.863 0.822 0 0.941

E- 2.13 1.4 1.946 1.129 1 1 6.283 0.964 3.04 0.956 1.237 0.78 1.83 0.888 0 1.22 1.651 0.905 1.705 0.695 0 1.132
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Numerical Model
• Using the detailed model have been establish the acceptance

criteria for both unreinforced and reinforced elements for Life Safety and 
Collapse Prevention Performance Levels, in terms of plastic strains:

– Unreinforced element CP – 0.15%

– Reinforced element CP – 3.5%

• A parametrical study has been performed in order to establish
the performance levels. In this study, a “numerical experimental procedure” 
was applied, aiming to observe the effect of the retrofitting solution in the case 
of an old masonry with the mechanical characteristics 
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Parametric curves for retrofitted
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elastic and the maximum points

Contact point between steel plate and masonry 

and embeded connectors

Numerical Model
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• These results allow the use of an equivalent material model for masonry, 
removing the tension softening, so as to obtain the same global behavior as in 
case of “numerically tested” retrofitted specimens
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Numerical Model

• The building façade was reinforced on the entire height of
the building and also all the internal transversal shear walls from the ground 
floor 

Numerical analysis on case studyNumerical analysis on case study
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Numerical analysis on case study
• Using ABAQUS code, a complete 3D model of the building

has been built.

• Some simplifications regarding the fixed base and rigid diaphragm behavior of 
the floors have been used. The model is built from shell elements and a 
material model of Concrete Damage Plasticity was applied. 

• The horizontal load was introduced quasi-statically, performing an explicit 
analysis, as force concentrated in the mass centre of the floors respecting a 
triangular shape, according to the first eigen vibration mode.
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Numerical analysis on case study

• In order to establish the seismic response of both the initial
and the retrofitted structure, a displacement based procedure was used.

• The target displacement has been determined at the intersection of 
capacity curve and the inelastic spectrum.
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Numerical analysis on case study
• Is presented the damage level for both building reinforced

and unreinforced for target displacement
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Numerical analysis on case study
• Unreinforced building
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Numerical analysis on case study
• Reinforced building – unreinforced elements – plastic strains

0.32% > 0.15% ~ CP

Numerical analysis on case study

• Reinforced building –reinforced elements
– plastic strains < 0.35% ~ CP
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Numerical analysis on case study

• Using the recurrence formulas for PGA given in the Romanian
Code P100-3 even calibrated for Vrancea earthquake, a matrix may be built 
showing the performance objective possible to be achieved by a retrofitted 
building.

PL/IMR 30 y 50 y 100 y 225 y 475 y 975 y

PGA 0.072g 0.168g 0.24g 0.288g 0.36g 0.48g

IO x

LS x x x x

CP x

Decisional MatrixDecisional Matrix
Structural aspects L M H Mark

Capability to achieve requested performance objective (after building 
evaluation!)

X

9

Compatibility with the actual structural system (no need of complementary 
strengthening or confinement measures)

X

Adaptability to change of actions seismic typology (near field, far field, 
T<>Tic, etc)

X

Adaptability to change of building typology X

Technical aspects L M H Mark

Reversibility of intervention X

8

Durability X

Operational X

Functionally and aesthetically compatible and complementary to the 
existing building

X

Sustainability X

Technical capability X

Technical support (Codification, Recommendations, Technical rules) X

Availability of material/device X

Quality control X

Economical aspects L M H Mark

Costs (Material/Fabrication, Transportation, Erection, Installation, 
Maintenance, Preparatory works)

X 8
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MALTA – Sustainable Construction 2010

Sustainable Technologies for 
Maintenance of Structures
Case studies

University of Malta

Dan DUBINA & Viorel UNGUREANU

“Politehnica” University of Timisoara, Romania
Civil Engineering Faculty
Department of Steel Structures and Structural Mechanics

CASE STUDY 1CASE STUDY 1

““NEW LIFE FOR AN OLD HISTORICAL NEW LIFE FOR AN OLD HISTORICAL 
STEEL BRIDGE OVER THE MURE� STEEL BRIDGE OVER THE MURE� 
RIVER IN SRIVER IN SĂĂVVÂÂRRŞŞIN (ROMANIA)IN (ROMANIA)””

ECCS STEEL BRIDGES AWARD 2010
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Romania has a highway network of 153057 km on which there are Romania has a highway network of 153057 km on which there are 
placed 3192 bridges (placed 3192 bridges (Romanian Highway Administration Report Romanian Highway Administration Report 
20032003). From the total number only 83 (). From the total number only 83 (≈≈ 3%) are steel bridges. 3%) are steel bridges. 

GeneralGeneral AspeAspectscts
NNo o structure is build to last an eternitystructure is build to last an eternity

�� During service, bridges are subject to wearing. During service, bridges are subject to wearing. 

�� In the last decades the initial volume of traffic has increased. In the last decades the initial volume of traffic has increased. 

�� Therefore many bridges require a detailed investigation and Therefore many bridges require a detailed investigation and 
control. control. 

�� The examination should consider the age of the bridge and all The examination should consider the age of the bridge and all 
repairs, the extent and location of any defects etc.repairs, the extent and location of any defects etc.

GeneralGeneral AspeAspectscts
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Exploitation conditions; the actual traffic loads 

Material, corrosion, structure type, critical details 

Fatigue degree, degradations, defects, cracks

Assessment of bearing capacity, verifications

Estimation of the remaining service life, safety in operation

Rehabilitation, inspection interval, maintenance

GeneralGeneral AspeAspectscts
NNo o structure is build to last an eternitystructure is build to last an eternity

They are a reduced number of old steel highway bridges, generally They are a reduced number of old steel highway bridges, generally 
older than 80 older than 80 –– 90 years, mainly in the western part of Romania, 90 years, mainly in the western part of Romania, 
which are which are witnesseswitnesses of the past. of the past. 

Bridge in SavarsinBridge in Savarsin

18971897

GeneralGeneral AspeAspectscts
NNo o structure is build to last an eternitystructure is build to last an eternity
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Technical deficiencies:

�� Insufficient width of roadway (the width →   B Insufficient width of roadway (the width →   B 
= 5,0 = 5,0 –– 6,0 m) and therefore vertical members of 6,0 m) and therefore vertical members of 
the main truss girders damaged by the impact the main truss girders damaged by the impact 
with vehicles;with vehicles;

Bridge in MihaileniBridge in Mihaileni

18951895

Bridge in SavarsinBridge in Savarsin

18971897

�� The maintenance of these structures was not continue, the The maintenance of these structures was not continue, the 
owners have changed in the history (different administrations), the owners have changed in the history (different administrations), the 
corrosion is important;corrosion is important;

Cross GirderCross Girder

StringerStringer

Technical deficiencies:
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�� The complete lack of documentation is general;The complete lack of documentation is general;
�� Insufficient knowledge of material qualities;Insufficient knowledge of material qualities;
�� All these structures are riveted;All these structures are riveted;
�� Tendency of the administration to replace these structures.Tendency of the administration to replace these structures.

Bridge in LugojBridge in Lugoj

19051905

Technical deficiencies:

Technical deficiencies:

• in case of the railways the number of steel bridges is 
dominating, the maintenance is better, documentation is 
generally available.

• consequently, the rehabilitation of old existing highway 
bridges is not current and some recommendations are 
needed.

• all these structures have an historical and artistically 
value 
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Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

General AspectsGeneral Aspects
The bridge in The bridge in SăvârşinSăvârşin over the Mureş River on the local highway DJ over the Mureş River on the local highway DJ 
707 A → with four spans erected in 1897.707 A → with four spans erected in 1897.

Bridge in Bridge in SăvârşinSăvârşin

18971897

4 x 39,80 m; Ltot = 159,20 m

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

General AspectsGeneral Aspects

Bridge in S ăvârşinBridge in S ăvârşin –– General locationGeneral location
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Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

General AspectsGeneral Aspects

Initial situation (S ăvârşin Bridge)Initial situation (S ăvârşin Bridge)

•• OWNER:OWNER: CountCounty Council ARAD trough the y Council ARAD trough the 

Company for Road Administration (ADPJ)Company for Road Administration (ADPJ)

•• DESIGNER: DESIGNER: Universitatea „POLITEHNICA“ Universitatea „POLITEHNICA“ 

Timisoara, Department of Steel Structures and Timisoara, Department of Steel Structures and 

Structural Mechanics Structural Mechanics 

•• Prof. Dr. Ing. Radu BANCILA Prof. Dr. Ing. Radu BANCILA 

•• Assoc.Prof.Dr. Ing. Dorel BOLDUS Assoc.Prof.Dr. Ing. Dorel BOLDUS 

•• Assoc. Prof. Dr. Ing. Edward PETZEK Assoc. Prof. Dr. Ing. Edward PETZEK 

•• Prof. Dr. Ing. Vasile BONDARIUC Prof. Dr. Ing. Vasile BONDARIUC 

•• CONTRACTOR:CONTRACTOR: AMARAD ARADAMARAD ARAD
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GeneralGeneral AspeAspectscts
The technical condition of the bridge was unsatisfactory. Some 
aspects can be noticed:
• The maintenance of the structure was not continue, the 
owners have changed during history (different administrations) 
– poor maintenance;
• The corrosion affects considerable the structure;
• Insufficient width of roadway (the width → B=5,0–6,0 m) and 
therefore vertical members of the main truss girders damaged 
by the impact with vehicles;
• The complete lack of documentation;
• Insufficient knowledge of material qualities;
• The structures are riveted;
• Tendency of the administration to replace the structure.

GeneralGeneral AspeAspectscts
1.1. Bridge inspection:Bridge inspection:
-- visual inspectionvisual inspection;;
-- magnetic particle inspection;magnetic particle inspection;
-- liquid penetration inspection;liquid penetration inspection;
-- ultrasonic inspection.ultrasonic inspection.

2. A qualitative verification2. A qualitative verification based on the appreciation of the expert of based on the appreciation of the expert of 
the technical condition of the structuresthe technical condition of the structures

3. 3. Classical verificationClassical verification of the bridge structureof the bridge structure

4. Fracture mechanics4. Fracture mechanics complementary method complementary method ⇒⇒⇒⇒⇒⇒⇒⇒ Remaining Remaining 
Fatigue LifeFatigue Life

5. Rehabilitation of the bridge5. Rehabilitation of the bridge

6. The in situ testing of the structure6. The in situ testing of the structure

7. New life of the bridge 7. New life of the bridge ⇒⇒⇒⇒⇒⇒⇒⇒ new maintenance plannew maintenance plan
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 Element Cross - section 

Upper chord 
(final panels) 

L90x90x9

355x13

8x360 2Pb 8x360

355x13

L90x90x9

 

Lower chord 
(panels 1,2,9,10/ 3,8 / 

4,5,6,7) 

360x13

L90x90x9

L90x90x9

Pb 9x240

13x360

13x360

L90x90x9

2Pb 9x240

 

Final diagonals 
 

L70x70x8

2Pb 9x270

L70x70x8  

Diagonals  
(panels 3,4,7,8 / 5,6) 

 
L80x80x8 L90x90x9

 

Final posts 
L70x70x7

2Pb 330x8

 

Current posts 

L70x70x7 L60x60x8 L60x60x6

 

CrossCross--section of the main section of the main 
girder  elements (S ăvârşin girder  elements (S ăvârşin 
Bridge)Bridge)

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

General AspectsGeneral Aspects

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

DEFECTSDEFECTS

Infrastructure defects
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Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin
DEFECTSDEFECTS

The problem of maintenance work
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Deformation defect

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

DEFECTSDEFECTS

Present verification methodologyPresent verification methodology

i 5 i 5

ST i i
i 1 i 1

I C F
= =

= =

= +∑ ∑

The The Romanian Highway AdministrationRomanian Highway Administration → a qualitative verification → a qualitative verification 
methodology based on the appreciation by the expert of the technical methodology based on the appreciation by the expert of the technical 
condition of the structures (condition of the structures (AND 522AND 522--20022002).).

Obs. This method is suitable for concrete bridges and relatively new (20 Obs. This method is suitable for concrete bridges and relatively new (20 --
30 years old) steel bridges. For older steel bridges it can have only an 30 years old) steel bridges. For older steel bridges it can have only an 
informative character. A more refined methodology must be adopted.informative character. A more refined methodology must be adopted.
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Present verification methodologyPresent verification methodology
i 5 i 5

ST i i
i 1 i 1

I C F
= =

= =

= +∑ ∑
� The quality index C is a sum of five
aspects:

� For the functional requirements also five
aspects are relevant:

C1 � is referring to the main girder 
C2 � is referring to the deck elements 
C3 � is referring to the infrastructure and 
bearings 
C4 � is referring to the bed river 
C5 � is referring to the quality of the deck 
surface.

F1 � expresses the traffic condition on the 
bridge
F2 � expresses the loading class of the 
highway
F3 � takes into consideration the year of 
construction and structure type
F4 � is referring to the quality of fabrication, 
erection and operation conditions
F5 � is referring to the maintenance of the 
structure.

every index marks from 1 every index marks from 1 –– 1010

Present verification methodologyPresent verification methodology
i 5 i 5

ST i i
i 1 i 1

I C F
= =

= =

= +∑ ∑

Finally, the technical condition of the structure results from the total 
sum and can be ranged in one of the following categories:
• Very good technical condition;
• Good technical condition;
• Satisfactory technical condition;
• Unsatisfactory technical condition;

The present technical condition can not assure the safety of The present technical condition can not assure the safety of 
the structure.the structure.

On these conclusions the administration take a decision regarding the 
time planning of maintenance works. 
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Methodology for the verification of old existing Methodology for the verification of old existing 
highway bridgeshighway bridges

 Qualitative 
methodology

Structure is 
ranged in a 

category

Quantitative 
methodology

Simplified 
analysis

Material tests

In situ tests

Complex analysis 
3D - structure  

analysis

Structure 
calibration

Analysis of the 
accumulated 

dam age (fatigue) -
recommended 

Fracture 
mechanics 

approach for 
critical details

Administration 
decision

Strengthening or Replacement 

Qualitative 
methodology

Structure is 
ranged in a 

category

Quantitative 
methodology

Simplified 
analysis

Material tests

In situ tests

Complex analysis 
3D - structure  

analysis

Structure 
calibration

Analysis of the 
accumulated 

dam age (fatigue) -
recommended 

Fracture 
mechanics 

approach for 
critical details

Administration 
decision

Strengthening or Replacement 

Present verification methodologyPresent verification methodology

Recomandations for the improvementRecomandations for the improvement
of the present methodologyof the present methodology

A more difficult problem is the fatigue assessment of the structure. 
Damage accumulation methodology:

i

i

n
D 1

N
= ≤∑

PROBLEM: Evaluation of the stress historyEvaluation of the stress history
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�� After the After the classical verificationclassical verification of the bridge stresses the of the bridge stresses the fatigue assessmentfatigue assessment of of 
the structure was performed.the structure was performed.

� Even if in the usual Romanian standard for highway bridges this verification is not Even if in the usual Romanian standard for highway bridges this verification is not 
foreseen, the damage accumulation methodology applied for railway bridges can be foreseen, the damage accumulation methodology applied for railway bridges can be 
adopted. adopted. 
�� The reconstitution of the past traffic is very difficult. Information about the The reconstitution of the past traffic is very difficult. Information about the 
circulation in different periods is necessary. circulation in different periods is necessary. 
�� The Swiss standard SIA 161 offers a very informative diagram in this sense. The Swiss standard SIA 161 offers a very informative diagram in this sense. 

fat

c
e γ

σ∆≤σ∆

( ) 1,1  ;Q fatfate =γσ∆α=σ∆
max min stress range∆σ = σ − σ

280 N/mm  (admited stress range in the case of riveted elements)∆σ =

SIA 161SIA 161

2daN/cm 735=σ∆
0,52 secondary highways (Figure 11)α =

2 2
e

800
0,52 735 382 daN/cm 727 daN/cm

1,1
∆σ = × = < =

Case:  main girder Case:  main girder –– lower chord (middle span) lower chord (middle span) 

fat

c
e γ

σ∆≤σ∆( )fate Qσασ ∆=∆
1,1fat =γ

280 N/mm  (admited stress range in the cas∆σ =

13x360

L90x90x9

2Pb 9x240→
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For bridges with usual spans situated on the Nation al For bridges with usual spans situated on the Nation al 
Highway Network, taking into account the circulatio n in the Highway Network, taking into account the circulatio n in the 
past, fatigue problems were not decisive.past, fatigue problems were not decisive.

For important structures with large spans and criti cal For important structures with large spans and criti cal 
details → the Fracture Mechanics approach is details → the Fracture Mechanics approach is 
recommendedrecommended

Recomandations for the improvementRecomandations for the improvement
of the present methodologyof the present methodology

FRACTURE MECHANICS as a COMPLEMENTARY METHODFRACTURE MECHANICS as a COMPLEMENTARY METHOD

Assessment of remaining
fatigue life

Applied stress and stress
range ∆∆∆∆σσσσ

Number of stress cycles
N

Geometry of detail

Dd < 0,8

Regular inspections
Usual maintenance

measures

Dd ≥≥≥≥ 0,8

Inspection

Identification and
monitoring of critical

details

Fracture mechanics
approach

Preventive
strengthening

Accumulated damage
Dp

FM Parameters

K, J, δδδδ

Stress Defect Size

Material
Properties

385



Complementary method

�� type of structure and exploitation conditions (traf fic events);type of structure and exploitation conditions (traf fic events);
�� information about structural steel (mechanical prop erties information about structural steel (mechanical prop erties –– yield strength, yield strength, 
tensile strength, hardness, transition curve ductil e tensile strength, hardness, transition curve ductil e –– brittle fracture and brittle fracture and 
transition temperatures, chemical composition, meta llographic analysis);transition temperatures, chemical composition, meta llographic analysis);
�� determination of critical members and details;determination of critical members and details;
�� crack detection and inspection techniques for evalu ation of the initial crack detection and inspection techniques for evalu ation of the initial 
crack size crack size –– aa00 and crack configuration;and crack configuration;
�� recording of the stress spectrum for the critical m embers under the actual recording of the stress spectrum for the critical m embers under the actual 
traffic loads;traffic loads;
�� evaluation of the critical crack size evaluation of the critical crack size –– aacritcrit based on failure assessment based on failure assessment 
diagrams;diagrams;
�� fracture mechanics parameter fracture mechanics parameter –– JJ critcrit , , δδδδδδδδcritcrit , (fracture toughness);, (fracture toughness);
�� simulation of the fatigue crack growth;simulation of the fatigue crack growth;
�� temperature, environment conditionstemperature, environment conditions ..

FM Verification

ForFor thethe fracturefracture mechanicsmechanics complementarycomplementary methodmethod thethe followingfollowing
stepssteps mustmust bebe takentaken (these(these areare additionaladditional toto thethe stepssteps includedincluded byby
thethe classicalclassical method)method)::
-- thethe materialmaterial toughnesstoughness (J(JIcIc)) andand crackcrack growthgrowth teststests whichwhich
supplementedsupplemented thethe conventionalconventional teststests (chemical(chemical andand metallographicmetallographic
analysis,analysis, tensile,tensile, CharpyCharpy VV notch,notch, bendingbending andand BrinellBrinell tests)tests);;
-- identificationidentification ofof criticalcritical detailsdetails;;
-- sizesize andand locationlocation ofof defectsdefects –– NDTNDT;;
-- idealizationidealization ofof defectsdefects;;
-- determinationdetermination ofof thethe criticalcritical crackcrack sizesize basedbased onon materialmaterial

toughnesstoughness andand failurefailure assessmentassessment diagramdiagram;;
-- lifelife predictionprediction analysisanalysis..
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Determination of inspection interval requires knowl edge ofDetermination of inspection interval requires knowl edge of :

�� Initial defect sizeInitial defect size

�� Fatigue crack growth rateFatigue crack growth rate

�� Critical defect size for failureCritical defect size for failure

NonNon--Destructive TestingDestructive TestingNonNon--Destructive TestingDestructive Testing

Paris EquationParis EquationParis EquationParis Equation

Fracture Toughness JFracture Toughness J ICICFracture Toughness JFracture Toughness J ICIC

Careful inspection of the structure is the most important aspect in evaluating Careful inspection of the structure is the most important aspect in evaluating 
the safety of the bridge.the safety of the bridge.

The main non destructive methods for bridge inspect ionThe main non destructive methods for bridge inspect ion

�� visual inspectionvisual inspection –– includes microscopes, mirrors, includes microscopes, mirrors, 
portable video cameras, robotic crawlers; is very useful portable video cameras, robotic crawlers; is very useful 
in case of surface cracks;in case of surface cracks;

�� magnetic particle inspection magnetic particle inspection –– very simple method, but can be very simple method, but can be 
applied just in case of ferromagnetic materials (not for austenitic applied just in case of ferromagnetic materials (not for austenitic 
steels). The method consists in the magnetization of the high steels). The method consists in the magnetization of the high 
stress elements or critical details and indicates directly the surface stress elements or critical details and indicates directly the surface 
discontinuity through forming a distorted magnetic field, which can discontinuity through forming a distorted magnetic field, which can 
be detected under proper lighting conditions;be detected under proper lighting conditions;
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The main non destructive methods for bridge inspect ionThe main non destructive methods for bridge inspect ion

�� liquid penetration inspectionliquid penetration inspection –– is a simple method is a simple method 
including the qualification of the personnel; it uses penetrate including the qualification of the personnel; it uses penetrate 
liquids with fluorescent pigment and UV liquids with fluorescent pigment and UV –– light in order to light in order to 
indicate the surface defections;indicate the surface defections;

�� radiographicradiographic inspectioninspection –– thethe methodmethod isis appliedapplied
forfor hiddenhidden defectsdefects andand itit usesuses GammaGamma oror RöntgenRöntgen
radiationradiation.. TheThe interpretationinterpretation ofof thethe radiographicradiographic
imagesimages shouldshould bebe donedone byby experts,experts, otherwiseotherwise
defectsdefects couldcould bebe ignoredignored;;

High Electrical Potential

Electrons

-+

X-ray Generator 
or Radioactive 
Source Creates 

Radiation

Exposure Recording Device

Radiation 
Penetrate 
the Sample

The main non destructive methods for bridge inspect ionThe main non destructive methods for bridge inspect ion

�� ultrasonic inspection – this testing is used for flaws and cracks in the 
material thickness, on the surface or hidden defects; highly qualified personnel 
is needed. This method can not be used for elements made of multiple plates 
(riveted sections).

� Eddy Current testing – this method can
detect surface defects but can also be used for
thickness inspection.
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The crack growth The crack growth 
procedureprocedure

Classification of the damaged element in 
one of the predefined cathegories

Definition of the initial crack size

Definition of the final (critical) crack 
growth lenght

(automatical) 
procedure for the 
detremination of 

the af value 
according to

FAD-2

Determination of the real time stress 
history

Experimental determination of material 
parameters C and m from the crack 

propagation law

Applying of the crack propagation law 
(Paris law) on the computing of the 

growth dai corresponding to the cycle Ni

Determination of resulting crack:

ai =  a(i-1) + dai

aa ii = a= aff

Remaining fatigue life of the analysed Remaining fatigue life of the analysed 
elementelement given by the number of cycles 

NN

YES

NO

Establishing Establishing 
of number of of number of 
days, months, days, months, 
years of useyears of use

Establishing Establishing 
of inspection of inspection 

interval & interval & 
maintenance maintenance 

program program 

Classification of the damaged element in 
one of the predefined cathegories

Definition of the initial crack size

Definition of the final (critical) crack 
growth lenght

(automatical) 
procedure for the 
detremination of 

the af value 
according to

FAD-2

Determination of the real time stress 
history

Experimental determination of material 
parameters C and m from the crack 

propagation law

Applying of the crack propagation law 
(Paris law) on the computing of the 

growth dai corresponding to the cycle Ni

Determination of resulting crack:

ai =  a(i-1) + dai

aa ii = a= aff

Remaining fatigue life of the analysed Remaining fatigue life of the analysed 
elementelement given by the number of cycles 

NN

YES

NO

Establishing Establishing 
of number of of number of 
days, months, days, months, 
years of useyears of use

Establishing Establishing 
of inspection of inspection 

interval & interval & 
maintenance maintenance 

program program 

FM Verification

Proposal for methodology improvementProposal for methodology improvement

�� The classical fatigue concept is based on the assumption that a The classical fatigue concept is based on the assumption that a 
constructive element has no defects or cracks. constructive element has no defects or cracks. 
�� In case that defects are presented in the structural elements, the In case that defects are presented in the structural elements, the 
small stress ranges also contribute to the propagation of crack from the small stress ranges also contribute to the propagation of crack from the 
initial crack to the critical one (failure probability).initial crack to the critical one (failure probability).
�� Design for Design for adequate service lifeadequate service life after fatigue damage has occurred.after fatigue damage has occurred.
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Material characteristics:Material characteristics:
Mild Steel  Mild Steel  ≅≅ St34 St34 -- St37.n (STAS 500/2 St37.n (STAS 500/2 –– 80);80);
�� Yield stress σYield stress σyy = 236 N/mm= 236 N/mm22;;
�� Tensile stress σTensile stress σultult = 370 N/mm= 370 N/mm22..
�� Material toughness (min. value) JMaterial toughness (min. value) Jcritcrit = 15 Nmm for temperature = 15 Nmm for temperature --2020°°CC
�� Material constants for crack growth rate m = 3 şi C = 3 x 10 Material constants for crack growth rate m = 3 şi C = 3 x 10 --1212

Propagation rate of crack dimensions under fatigue Propagation rate of crack dimensions under fatigue 
loads (BS 7910:1999) loads (BS 7910:1999) -- Paris relationParis relation ..

mKC
dN
da ∆⋅=

max min max minK K K Y( ) a∆ = − = σ − σ π
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* Fracture
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( )mda
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dN
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∆

FM Verification

For the old riveted steel bridges the usual incubated fatigue cracks are For the old riveted steel bridges the usual incubated fatigue cracks are 
situated at the rivet hole or at the plate edge. A good initial fatigue crack situated at the rivet hole or at the plate edge. A good initial fatigue crack 
length which can be detected at corrosion conditions is length which can be detected at corrosion conditions is 5,0 mm5,0 mm ..

THROUGH - THICKNESS FLAW 
IN PLATES
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Position and initial length of Position and initial length of 
the cracksthe cracks
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The The assessment of flaw acceptabilityassessment of flaw acceptability
→ → on failure assessment diagrams (FAD)on failure assessment diagrams (FAD)
→ → material toughnessmaterial toughness is created taking into account the is created taking into account the 
recommendations given by the BS 7910recommendations given by the BS 7910\\1999.1999.

FAD-Level 2 (normal assessment)
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The crack growth procedureThe crack growth procedure

aacrcr �� remaining service liferemaining service life
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Step (1)Step (1) : : determination of defects’ determination of defects’ 
acceptability with the help of acceptability with the help of 

Failure Assessment Diagrams Failure Assessment Diagrams 
and of determination of final and of determination of final 
acceptable values of defect acceptable values of defect 

dimensionsdimensions..

Step (1)Step (1) : : determination of defects’ determination of defects’ 
acceptability with the help of acceptability with the help of 

Failure Assessment Diagrams Failure Assessment Diagrams 
and of determination of final and of determination of final 
acceptable values of defect acceptable values of defect 

dimensionsdimensions..

Step (2)Step (2) : : fatigue evaluation of fatigue evaluation of 
the analyzed structural the analyzed structural 

elementselements..

Step (2)Step (2) : : fatigue evaluation of fatigue evaluation of 
the analyzed structural the analyzed structural 

elementselements..

LIFE PREDICTION LIFE PREDICTION 

METHODOLOGYMETHODOLOGY

A30 Trucks Bus Total
100 8 8 8 24
150 8 8 12 28
200 4 8 12 24
250 4 4 0 8
300 4 0 0 4
350 2 0 0 2
400 0 0 0 0

221,57 Total/day 90

Ds   

[daN/cm2]

MAIN GIRDER

Ds e [daN/cm2] =

28

24
24

8

4
2

0

0

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7

Number of clasification intervals

S
tre

ss
 r

an
ge

 
D

s
 

[d
aN

/c
m

2 ]

0

5

10

15

20

25

30

N
um

be
r 

of
 r

ep
et

iti
on

s 
n

Stress history Stress history –– main girdermain girder
(bridge S ăvârşin)(bridge S ăvârşin)
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RRemainingemaining FFatigueatigue LLifeife

a0 N RFL
[mm] cycles years
5,0 4.680.000 142,47
10,0 2.460.000 74,89
15,0 1.490.000 45,36
20,0 920.000 28,01
25,0 540.000 16,44
30,0 270.000 8,22

OBS. In the existing elements fatigue cracks with OBS. In the existing elements fatigue cracks with 
aa00 = 5 … 15 mm were detected. = 5 … 15 mm were detected. 

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

VerificationVerification

ForFor thethe bridgebridge inin SâvărşinSâvărşin inin thethe firstfirst step,step, aa classicalclassical simplifiedsimplified
analysisanalysis waswas performedperformed..

TheThe deckdeck mademade byby ZorresZorres elements,elements, filledfilled withwith ballastballast isis heavy,heavy,
supportingsupporting thethe asphaltasphalt surfacesurface.. TheThe stressesstresses computedcomputed inin thethe
structurestructure forfor thethe presentpresent loadsloads (Class(Class EE:: continuouscontinuous rowrow ofof truckstrucks
withwith 3030 tonnestonnes AA 3030 andand aa specialspecial militarymilitary vehiclevehicle ofof 8080 tonnestonnes VV
8080)) exceededexceeded thethe allowableallowable valuesvalues byby 1010 –– 4040 %%.. AlsoAlso thethe
elementselements (posts)(posts) areare veryvery slenderslender.. TheThe generalgeneral stabilitystability ofof thethe
compressedcompressed upperupper chordchord ofof thethe mainmain girdergirder waswas alsoalso checkedchecked..
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RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

Importance of the structureImportance of the structure
historical value historical value →→ strengtheningstrengthening

DIRECT REINFORCEMENTDIRECT REINFORCEMENT

CROSS GIRDER

L 80x80x8...160
   new element !     

160
4040 80

28
0

10 x 200 10 x 260   (new elements !)

STRINGER

DIRECT REINFORCEMENTDIRECT REINFORCEMENT

INTERMEDIATE POSTSEND POST

12 x 200 12 x 200

LOWER CHORD UPPER CHORD

90x90x10 80x80x10 

Main girder elementsMain girder elements

RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin
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INDIRECT REINFORCEMENTINDIRECT REINFORCEMENT

HEB 260...200 

Tie member Tie member
U 26...33120

TIE MEMBERTIE MEMBER

The reinforcement of the main girder with tie membe rThe reinforcement of the main girder with tie membe r

RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

P-208

10x600
P-110
P-109

80

Asphaltic concrete layer

10x260...6000
P-202

12x98...190
 P-204

L 90x90x9 

HEB 260...200
    P-302

P-303 

U 26
TIE

Guseu CV inf.
14x200...6646 

P-201 (TIE MEMBER !)

Nit 19x55 STAS 797-80
P209L80x80x8

10x260

P-109 L80x80x8
P-110

    5x190

P-102

P-103

P-108

12x98...190
P-204

Concrete Bc20 (B250)

Nit 19x65 STAS 797-80
P-208 

P-103

12x200...190
P-203

    5x190

Rivet 19x65 STAS 797-80
P208

Connectors Ø19 la 100 mm
P-213

12x190...200
        P-203

40
160

28
0

40

11
°

P-107

RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin
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The reinforcement of the deck by transforming it in to a 
composite structure

STRINGER

Concrete slabConnectors Steel sheet

CROSS GIRDER

160

15
0

90

200

60
15

0

90110

200

15
0

160

60

200

15
0

RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

Cross section of the bridge

780

6360

H
m

in
 4

.3
0

Concrete slab

Asphaltic concrete layer

1600

500880

780

Connectors

1600 1600

500 880

Waterproofing

reinforced initial state

RehabilitationRehabilitation
Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin
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Removing the pavement supported by Zorres profile

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

Warm straightening of the deformed posts

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works
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Sand blasting of the structure

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

NNew consolidation elementsew consolidation elements

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works
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NNew consolidation elementsew consolidation elements

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

Riveting of the new steel elements

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

399



Reinforcement of 
upper chord joint

Gusset t=13 mm

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

Tie elements

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

400



Stud connector welding

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works

Concrete deckConcrete deck
The thickness of the new The thickness of the new 

concrete deck is 22 cmconcrete deck is 22 cm

Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in Bridge in SSSSSSSSăăvârşinvârşinvârşinvârşinvârşinvârşinvârşinvârşin

In situ worksIn situ works
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The in situ testing of the structureThe in situ testing of the structure was decided in accordance with the Romanian was decided in accordance with the Romanian 

Standard, taking in consideration the importance of the bridge and the amount of Standard, taking in consideration the importance of the bridge and the amount of 

strengthening works.strengthening works.

The aim of the test was the measuring of:The aim of the test was the measuring of:

-- stresses in some elementsstresses in some elements

-- structure deformations.structure deformations.

The testing truck with 27,65 tonesThe testing truck with 27,65 tones

��The in situ test of the structure put in evidence t he good The in situ test of the structure put in evidence t he good 
behavior of the strengthened structure, especially of the rigid behavior of the strengthened structure, especially of the rigid 
composite deck.composite deck.
��The values of the measured stresses were lower than  the The values of the measured stresses were lower than  the 
calculated ones. Also the deformations measured in all the calculated ones. Also the deformations measured in all the 
four spans of the bridge loaded with the test truck , remained four spans of the bridge loaded with the test truck , remained 
in an elastic range, with lower values than the cal culated in an elastic range, with lower values than the cal culated 
ones.ones.
��The dynamic test revealed that the initially assume d The dynamic test revealed that the initially assume d 
percentage of static load illustrating the impact c oefficient percentage of static load illustrating the impact c oefficient 
(about 1.30) was correct and underlined the importa nce of the (about 1.30) was correct and underlined the importa nce of the 
road surface without irregularities. road surface without irregularities. 

Finally the bridge was put into circulation in June  2008.Finally the bridge was put into circulation in June  2008.
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Bridge in Săvârşin, general view after the Bridge in Săvârşin, general view after the 

reconstruction worksreconstruction works

In order to maintain the bridge it is necessary to have inspections at In order to maintain the bridge it is necessary to have inspections at 
every 4 years.every 4 years.

Thus the maintenance costs are strongly reduced and the bridge can Thus the maintenance costs are strongly reduced and the bridge can 
be safely exploited in the next 50 years.be safely exploited in the next 50 years.

CASE STUDY 2CASE STUDY 2

““CAN PACK FACTORY, BUCHAREST, CAN PACK FACTORY, BUCHAREST, 
ROMANIAROMANIA””
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Name: Beverage Can Plant in Bucharest, Romania
Owner: S.C. Can Pack Romania S.R.L.
General contractor: SC Atelier 3 SRL Bucharest
Steel structure designer: SC BRITT SRL Timişoara
Year of design: 2004
Production started in: 2005 

GENERAL VIEW OF THE STRUCTURE

4m
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Opening: 78 m (15+24+24+15)

Bay: 6 m

Number of bays: 30

Length 180 m

Height: 8.2 m

Roof slope: 2%

Roof: 2 slopes

Production building

Production buildingProduction building

Current transversal frames

Longitudinal frame
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Opening: 72 m (24+24+24)

Bay: 6 m

Number of bay: 20

Length 120 m

Height: 11.8 m

Roof slope: 2%

Roof: În 2 ape

Warehouse buildingWarehouse building

WarehouseWarehouse buildingbuilding

Current transversal frames

Longitudinal frame
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Technical evaluationTechnical evaluation

- structural evaluation according with the new structural evaluation according with the new 
technical regulations, necessary for insurance regulations, necessary for insurance 
companiescompanies (planned);

coincide with

- in February 2010, the structure was affected by 
strong snow falls and strong winds, producing snow 
drifts (accumulation up to 4.0m of snow)

• Very large deformations of the roof, purlins 
and panels severely damaged
• Structural collapse prevented. 

� Two adjacent buildings
� 120x80m, 13.0m height
� 180x80m, 9.5m height

� Snow drifting
� Accumulation up to 4.0m of snow 
� Undrifted snow 1.0m
� Very large deformations of the roof, 

purlins and panels severely damaged
� Structural collapse prevented

� Snow was removed from the roof in 
the drifted area

� Repairing, upgrading necessary:
� Purlins will be replaced
� Panels will be replaced or 

strengthened
� Local strengthening at main 

girders

Bucharest, January 2010
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Snow drifts between the two adjacent buildings

DamagesDamages

Twisting of the beam 
from the gable frame
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Supports for the roofSupports for the roof

Supplementary purlinsSupplementary purlins

DamagesDamages

Web crippling of the corrugated Web crippling of the corrugated 
sheet under exceptional snowsheet under exceptional snow

DamagesDamages
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End connectionEnd connection

⇒⇒⇒⇒⇒⇒⇒⇒ 5mm gap5mm gap

5mm5mm

Technical deficiencies:

Lack of bolts which Lack of bolts which 
connect purlins at the connect purlins at the 

end of overlapsend of overlaps

Technical deficiencies:
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SelfSelf--tapping screws are missing at tapping screws are missing at 
the connection between purlins and the connection between purlins and 

corrugated sheetcorrugated sheet

Technical deficiencies:

Bolts missing at the connections of Bolts missing at the connections of 
some longitudinal beamssome longitudinal beams

Technical deficiencies:
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Based on a visual and nonon--destructive inspection , followed by destructive inspection, followed by 
structural evaluation according with the new structural evaluation according with the new techni cal 
regulations:regulations:

⇒⇒⇒⇒ Damage identification: critical zones, members, conn ections
⇒⇒⇒⇒ Repairing of structure due to accidental snow load;
⇒⇒⇒⇒ Structural upgrade of primary and secondary structu re. 

Actions to be doneActions to be done

The NonThe Non--destructive inspectiondestructive inspection

- Detailed verification of welds and bolts of the beam-to-column 
connections;
- Ultrasonic investigation of cracks initiation;
- Checking of the lengths of bolts core;
- Special attention will be paid to the first two rows of bolts 
placed on the tensioned side of the connection (the top side)  
- Random investigation of the welded connection along the 
columns.

The main nonThe main non--destructive methods used:destructive methods used:
�� visual inspectionvisual inspection;;
�� magnetic particle inspectionmagnetic particle inspection;;
�� liquid penetration inspection;liquid penetration inspection;
� ultrasonic inspection.
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The NonThe Non--destructive inspectiondestructive inspection

The NonThe Non--destructive inspectiondestructive inspection
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The NonThe Non--destructive inspectiondestructive inspection

The NonThe Non--destructive inspectiondestructive inspection
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The NonThe Non--destructive inspectiondestructive inspection

Load evaluation Load evaluation -- Production buildingProduction building

2004 / 20102004 / 2010

Dead load
- the weight of the steel structural skeleton;
- dead load of the intermediate slab: gn=4.5 kN/m2

- dead load on the roof: gn=0.55kN/m2

(including technological loads)
- dead load of the walls: gn=0.3 kN/m2

ULS ULS-AD SLS

2004 1.1 1 1

2010 1.35 1 1

Partial factors for combinations of actions
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Load evaluation Load evaluation -- Production buildingProduction building

2004 / 20102004 / 2010

((STAS 10101/2A1STAS 10101/2A1--87 / SR EN 199187 / SR EN 1991--11--1:20041:2004 ))

Imposed load
- imposed load for offices: qn=2.0 kN/m2

- loads from internal walls: qn=1.0 kN/m2

ULS ULS-AD SLS

2004 1.4 0.4 1

2010 1.5 0.4 1

Partial factors for combinations of actions

Load evaluation Load evaluation -- Production buildingProduction building

20042004

Snow load (STAS 10101/21-92 )

Cz2
Cz1

Cz2

Cz3

180.8 120

7

Snow - uniform: pz
n=1.2 kN/mp

Drifting of snow with obstructions 2: pz
n=1.8 kN/mp

Snow load for roofs abutting to taller construction 3: pz
n=2.4 kN/mp

2

3

ULS ULS-AD SLS

2004 2.0 0.3 1.3

Partial factors for combinations of actions
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Load evaluation Load evaluation -- Production buildingProduction building

20102010

Snow load (CR 1-1-3-2005 )

Cz3

180.8 120

7

Snow - uniform: pz
n=1.6 kN/mp

Snow load for roofs abutting to taller construction 2: pz
n=7.0 kN/mp

2

ULS ULS-AD SLS

2010 1.5 0.4 1.0

Partial factors for combinations of actions

• EN 1991-1-3: Eurocode 1: Actions on Structures: Part 1-3: Snow 

Loads - already proposed to take into account exceptional 

snow:

– Exceptional fall (e.g. larger than code provisions in snow-prone areas 

or snow in non-snow prone areas)

– Exceptional drift 

• Difficulties in indicating areas affected by exceptional falls

(national responsibility) and in the correct evaluation of snow 

drift (it can be 4-5 times larger than undrifted snow) 

• Snow drift is particularly very dangerous on very large roofs !!!!
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Load evaluation Load evaluation -- Production buildingProduction building

20042004

Wind load (STAS 10101/20-90 )
- Peak velocity pressure: gv=0.55 kN/m2

ULS ULS-AD SLS

2004 1.2 - 1

2010 1.5 - 1

Partial factors for combinations of actions

20102010
Wind load (NP-082-2004 )
- Peak velocity pressure: gv=0.50 kN/m2

Load evaluation Load evaluation -- Production buildingProduction building
20042004
Seismic load – P100/92

For Bucharest, the seismic force is Sr = cr�G = α�ks�βr�ψr�εr�G, where α=1
is a coefficient of the building class, ks=0.2 is the coefficient depending
on the seismic zone, βr=2.5 is the dynamic amplification coefficient, ψr=1
is coefficient of reduction of seismic effects, εr=1 is coefficient of
equivalence between the actual system and system with a single degree
of freedom and G is resultant of gravity loads for the whole building. The
structure is considered as non dissipative with q = 1 ⇒ the structure
remains in elastic range.

 Coeficientul de amplificare β - P100/92 

0 

1.0 

2.5 

0 1.5 3.0 5 

[T, s] 

[β
] 
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Load evaluation Load evaluation -- Production buildingProduction building
20102010
Seismic load – P100/2006

For Bucharest, the peak ground acceleration is ag = 0.20g and the corner
period at the upper limit of the constant acceleration region of the elastic
spectrum is Tc = 1.6s. The spectral ordinates in the constant acceleration
region of the non-dimensional spectrum is β0 = 2.75. The structure is
considered as non dissipative with q = 1 ⇒ the structure remains in
elastic range.

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3 3.5 4
Perioada T , s

T D =2

8.8/T 2

4.4/T
β 0 =2.75

T B =0.16 T C =1.6s

2/55.0 mkNg v = 2/5.0 mkNg v =

Combination Loads 2004 [kN/m 2] Loads 2010 [kN/m 2]
2010 / 
2004

C1 – curent (uniform 
snow)

1.1P + 1.9Z =
1.1·0.55 + 1.9·1.2 = 2.885

1.35P + 1.5Z =
1.35·0.55 + 1.5·1.6 = 3.143

8.9%

C1 – drifted snow
1.1P + 1.9Z =
1.1·0.55 + 1.9·2.4 = 5.165

1.35P + 1.5Z =
1.35·0.55 + 1.5·7.0 = 11.243

117.7%

Masses for earthquake 
combinations

P + 0.3Z =
0.55 + 0.3·1.2 = 0.91

P + 0.4Z =
0.55 + 0.4·1.6 = 1.19

30.8%

Wind
Partial factor = 1.2 Partial factor = 1.5

13.6%

Load evaluation Load evaluation -- Production buildingProduction building
Differences 2004 vs. 2010Differences 2004 vs. 2010
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2/55.0 mkNg v = 2/5.0 mkNg v =

Combination Loads 2004 [kN/m 2] Loads 2010 [kN/m 2]
2010 / 
2004

C1 – curent (uniform 
snow)

1.1P + 1.9Z =
1.1�0.55 + 1.9�1.2 = 2.885

1.35P + 1.5Z =
1.35�0.55 + 1.5�1.6 = 3.143

8.9%

Masses for earthquake 
combinations

P + 0.3Z =
0.55 + 0.3�1.2 = 0.91

P + 0.4Z =
0.55 + 0.4�1.6 = 1.19

30.8%

Wind

Partial factor = 1.2 Partial factor = 1.5

13.6%

Load evaluation Load evaluation -- Warehouse buildingWarehouse building
Differences 2004 vs. 2010Differences 2004 vs. 2010

Detailed structural evaluation 
according with the new technical 

regulations

Software:
SAP2000

Codes:
EN1993-1-1, EN1993-1-3, EN1993-1-5, 

EN1993-1-8, P100/1-2006, P100/3-2006
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Conclusions and recommendationsConclusions and recommendations
Production buildingProduction building

15’15’

1616

Conclusions and recommendationsConclusions and recommendations
Production buildingProduction building

Frame 15’Frame 15’

Frame 16Frame 16

R1 ���� 22.1% (stability check)
R4 ���� 22.7% (stability check)

R4 ���� 11.9% (stability check)

- beam-to-column connections capacities, for frames 15’ and 16, 
exceeded (max. val. 29%)
- the capacities of purlins and corrugated sheets, between axes 15'-16, 
are not on the safety range both at ULS and SLS

29%29%
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Conclusions and recommendationsConclusions and recommendations
Production buildingProduction building

beam 15'and 16

purlin

supplementary
plate

M16 gr.10.9

M16 gr.10.9

L 60x60x6 L 60x60x6

- To increase the capacity of beams to stability, in case of frames from axes 
15’ and 16, fly bracings are proposed;

-To increase the bearing capacity of connections, fo r frames from axes 15’ 
and 16, due to drifted snow, the following actions should be carried out:
a) For beam–to–beam and beam–to–column connections,  composed by 
end plates and bolts, for which the capacity is exc eeded, gr. 10.9 bolts will 
be replaced with gr. 12.9 bolts;
b) The reinforcement of beam–to–beam connection (in termediate frame -
longitudinally beam-to-beam connection from interse ction of axes 15’-B) 
can be done by welding at the flange level a fin pl ate and also M20 bolts 
quality gr. 10.9 will be replaced to gr. 12.9.

Conclusions and recommendationsConclusions and recommendations
Production buildingProduction building

15’15’

1616

BB
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Bolts M20 gr.12.9Bolts M20 gr.12.9

(instead of M20 gr.10.9)(instead of M20 gr.10.9)

BeamBeam––toto––beam and beambeam and beam––toto––column connectionscolumn connections

Due to the drift snow effect, the capacity of roof structure (bays 15-15’ and 15’-16) it is 
recommended to be increased  by one of the following solutions:

• To introduce intermediate purlins Z210/2.5 between the existing ones for the first 
two bays and to double ones in the first bay (2xZ210/2.5) 

15
16

14
'

15'

A D F HB

Zona in care panele
se vor dubla

Pane dispuse in proiectul initial
Pane suplimentare 2xZ210/2.5
Purlins - initial situation

New intermediate purlins  

Purlins–doubled

Secondary structure Secondary structure –– PurlinsPurlins
Strengthening solutionsStrengthening solutions

1)
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• Maintaining the temporary supports (UPN200 profiles) at a distance of 
800 mm + double the number of purlins in 15-15’ bay (2xZ210/2.5)

Secondary structure Secondary structure –– PurlinsPurlins
Strengthening solutionsStrengthening solutions

2)

15
1

6
14

'
15

'

A D F HB

Zona in care panele
se vor dubla

Pane dispuse in proiectul initial
Pane suplimentare 2xZ210/2.5
Purlins - initial situation

UPN200/800 purlins  

Purlins–doubled

For this case, the corrugated steel sheet should be strengthened in order to 
withstand the new loads; this can be done by doubling and interconnecting the 
existing profiled steel sheet, or by replacing the corrugated steel sheet with a 
new one having an increased resistance.

• Maintaining the temporary support (UPN200 profiles) at a distance of 
800 mm for 15’-16 bay and extend them for the bay 15-15’ too.

Secondary structure Secondary structure –– PurlinsPurlins
Strengthening solutionsStrengthening solutions

3)

15
16

14
'

15'

A D F HB

Zona in care panele
se vor dubla

Pane dispuse in proiectul initial
Pane suplimentare 2xZ210/2.5
Purlins - initial situation

UPN200/800 purlins

Purlins–doubled
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3xSD5-T19-5.5x25
     (HILTI)

3xSD5-T19-5.5x25
(HILTI)

1xSD5-T19-5.5x25
(HILTI)

1xSD5-T19-5.5x25
(HILTI)

Use of self-tapping screws, of Hilti type SD5-5.5x25, at the overlap of 
purlins, according with the initial project.

Secondary structure Secondary structure –– PurlinsPurlins
Strengthening solutionsStrengthening solutions

Increase the rigidity of roof system (erection stage errorserection stage errors ):
1. The screws at the overlap of profiled steel sheets should be 4 connectors/m. The 
following connectors can be used:

• Self-tapping screws (HILTI SL2–4.8x20) according with the specifications from initial 
project, form outside-to-inside (it implies dismantling of the roof).

•Self-tapping screws (HILTI SL2–4.8x20) according with the specifications from initial 
project, but form inside-to-outside. It must be underlined that this solution is vulnerable 
to high suction forces that can developed  due to severe wind action.
• Connection with blind rivets from inside-to-outside (RIVIT).

Secondary structure Secondary structure –– Corrugated steel sheetCorrugated steel sheet
Strengthening solutionsStrengthening solutions
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• Self-tapping screws (HILTI SL2–4.8x20) according with the specifications from initial 
project, but form inside-to-outside. It must be underlined that this solution is vulnerable 
to high suction forces that can developed  due to severe wind action.

Secondary structure Secondary structure –– Corrugated steel sheetCorrugated steel sheet
Strengthening solutionsStrengthening solutions

EN1993EN1993--11--3 assumes that the thinnest sheet is 3 assumes that the thinnest sheet is 
next to the head of the screw!!!next to the head of the screw!!!

Secondary structure Secondary structure –– Corrugated steel sheetCorrugated steel sheet
Strengthening solutionsStrengthening solutions
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Increase the rigidity of roof system (erection stage errorserection stage errors ):
2. The connection between the corrugated steel sheet to the purlins must be done at each 
second fold for intermediate purlins, respectively at each fold for the edge purlins, 
according to the initial project. The connection between the corrugated steel sheet and the 
purlins can be done as follows:

• On the top flange of the purlins, from outside-to-inside, with self-tapping screws (HILTI
SD5-5.5x25) according with the specifications from initial project (it implies dismantling 
of the roof).
• On the top flange, from inside-to-outside, with self-tapping screws (HILTI SD5-5.5x25)
according with the specifications from initial project. It must be underlined that this 
solution is vulnerable to high suction forces that can developed  due to severe wind 
action.
• Connection with blind rivets from inside-to-outside (RIVIT).

Secondary structure Secondary structure –– Corrugated steel sheetCorrugated steel sheet
Strengthening solutionsStrengthening solutions

Structural evaluation ⇒ structural elements are on the 
safe side, excepting longitudinal wall bracings for which 
an increase of efforts of 35.8% is obtained (new values 
for seismic loads according with P100/2006).

⇒ only replace of existing longitudinal wall bracings of 
RHS133x4mm-S355

Conclusions and recommendationsConclusions and recommendations
Warehouse buildingWarehouse building
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ConclusionsConclusions

1.Appling the repairing and strengthening solutions 
which have been presented one considers the initial 
capacity of both main and secondary structures has 
been recovered and increased in the region were this 
was necessary.

2.The initial design lifetime of the structures can be 
considered after these interventions to be unaffected.

3.It is important to underlined the intervention can be 
realized without interrupting the current activities 
inside the buildings.
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1.0 Introduction
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1.1 Scope

The lifetime of structures is limited by economic questions, change of 

architectural needs, reuse of area.

1.0 Introduction

� At end of lifetime, buildings have to be deconstructed. 

⇒ How can we keep the waste disposal rate little?

1.2 Goal

� Waste management in reference to design / demolition

⇒ How can we get high reuse/recycling rates?

⇒What limitations are present? 

⇒ How can engineers influence the reuse/recycling rate in design?

1.3 General information & statistics

1.0 Introduction

� Construction & demolition waste in the EU: 450 Mio tons

� Generated C&D waste (w/o earth materials): 180 Mio tons

� Quote of reuse / recycling: 28 % (EU-15)

� Quote of landfilling: 72 % (EU-15)

� Variety of recycling rates for some EU-15 countries (1999):

� UK: 45 %

� Spain: <5 %

� Netherlands: 90 %

� EU Waste regulation:

http://ec.europa.eu/environment/waste/index.htm
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1.3 General information & statistics

1.0 Introduction

Since construction and demolition waste represent a large part of the 

total waste generation and have a high potential for recycling, it is 

important to know the composition of this kind of waste. 

The OECD/Eurostat joint 

questionnaire asks for 

information on waste from 

the construction sector and 

for the total quantity of the 

relevant waste stream.

1.3 General information & statistics

1.0 Introduction

In the case of building demolition waste, KWTBau (2005) determined 

that from the 52.1 Mt corresponding to this item, 35.7 Mt were 

recycled representing a 68.5% recyclingrate. 

7.0 Mt (13.4%) were used in 

mining installations and 3.8 

Mt (7.3%) were directly used 

by public authorities. 1.6 Mt 

(3.1%) were used for landfill 

construction and 4.0 Mt 

were landfilled.
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2.1 Concepts

2.0 Deconstruction techniques

� Outdated, not inline with the European Waste 

Regulation

� No recycling

� No separation, no decontamination 

� More sophisticated and costly

� Mainly contaminated debris needs to be disposed

2.2 Demolition techniques

2.0 Deconstruction techniques

Main techniques (Usage quota in Germany, 2002):

� Deconstruction by excavators with shears etc.: 82%

� Exploding: 4%

� Deconstruction with wrecking balls: 3%

� Other machines: 3%

� Precussion, abrasion, heating etc.: 3%

� Robots: 0,3%

� Other: 1,7%
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2.3 Contaminations

2.0 Deconstruction techniques

Why can we not reach recycling rates of 100%?

⇒ Dangerous products used up to the 1980‘s (asbestos, older glass wool 

products, PAH – tar)

⇒ Two kinds of pollution: 

- Danger for health

- Danger for environment

The disposal of dangerous 

products is monitored. 

Reuse or recycling mostly 

is not allowed.

2.3 Contaminations

2.0 Deconstruction techniques

In Germany, the mineral debris needs to be chemically analyzed. In 

accordance to the rate of pollutions, the material is categorized. Main 

parameters are heavy metals, pollutions due to usage, PH-value, 

conductivity, chlorides and sulfates.
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3.1 Recycling of steel

3.0 Recycling

� Steel is worldwide the most recycled material,  cost-effectively;

� Recovered Steel is 100% recycled;

� Steel is recycled indefinitely.

3.2 Recycling of concrete

3.0 Recycling

� Confusion in existing in peoples’ minds about the nature of concrete 

recycling

� Concrete, while made from cement, cannot be recycled into more 

cement (no practical way for the moment to decompose into the 

basic elements of sand, water, aggregate and cement) 

� However, there are opportunities to crush and reuse concrete from 

construction demolition. The recycled material can be substituted 

for fresh aggregate in some applications

[World Business Council for Sustainable Development, 2008].
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3.2 Recycling of concrete

3.0 Recycling

� Cement can not be recycled;

� 6-8% of aggregates worldwide are 

replaced by recycled concrete

� Demand for use in roads generally 

lower than C&DW volume

� ca. 15% of concrete recovered only

4.0 Design for deconstruction

The life cycle of as structure consist of:

� the production, fabrication, transport and erection of the construction 

materials;

� the use of the construction and

� finally the end-of-life of the construction.

End-of-life scenario broken down into three separate sub-phases:

1) Environmental impact of deconstruction activities 

(dust, noise, …),

2) Re-use and recycling rates of materials,

3) Environmental impact of waste processing activity 

(e.g. scrap processing).

⇒ How can engineers influence the reuse/recycling rate in design?
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4.0 Design for deconstruction

Principles to maximize reuse of elements or recycling of materials:

� Use a standard column grid and interstorey height,

� Connection of element should facilitate dismantling,

� Use of standard and reusable fixing should be considered  (e.g. bolted 

connections instead of welded joints for steel structures). 

� With regard to recycling after deconstruction, the use of structural 

systems that are easier to deconstruct and to demolish is recommended 

(elementary construction, steel vs concrete, …),

Quicon system

Quick erect system

4.0 Design for deconstruction

Example reuse of materials:

� Production of new cobble stone is expensive and not common. Modern 

roads / places are not made of cobble stone.

� But: Old cobble stones are  usefull for historic places.

Reuse of structures:

� Ecodesign: Second Life of Steel Structures
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4.0 Design for deconstruction

Principles to maximize reuse of steel elements:

� Long beams to allow flexibility of use, e.g. trimming to a new length;

� Easy and permanent access to connection;

� Avoid corrosion of the steel members by constructive measures;

� Avoid paintings and fire protection spray or intumescent paints by fire 

engineering to get back clean steel.

4.1 Design for reuse / recycling

4.0 Design for deconstruction

Christuspavillon EXPO 2000 – rebuilt in Volkenroda

4.1 Design for reuse / recycling
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4.0 Design for deconstruction

4.1 Design for reuse / recycling

1958 Brussels

2008 Prag (CZ)

1958 Brussels

2008 Breendonk (B)

4.0 Design for deconstruction

Principles to maximize reuse of concrete structures:

� Pre-cast beams and columns can be reused even if difficulties arise at 

end connections (generally cast in situ);

� Steel end fixing and bolted connections in preference to grouted 

connections to facilitate reuse; 

� Simply supported beams be used in structural framing to avoid damaging 

during deconstruction;

� In-situ concrete structures are dismantled by demolition of the framing, 

and generally are suitable only for recycling;

� Crushed concrete is widely used as fill and to a minor extend as 

secondary aggregate in low-strength concrete.  

4.1 Design for reuse / recycling
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4.0 Design for deconstruction

Principal detail of demountable precast-concrete system Matrixbouw and 

realised office building 

4.1 Design for reuse / recycling

4.0 Design for deconstruction

Principles to maximize reuse of other materials:

� Timber structures similar issues to steel framing as far as DfD, e.g.:

� mechanical connections preferred to glued joints,

� With regard to recycling, screws preffered to nails for separation.

� Structural masonry, design for reuse involves:

� use of mortar weaker than the masonry in order to facilitate separation of bricks 

and of prefabricated brickwork panels,

� Recycling for fill or aggregate in low-grade concrete, no chemicals contained in 

brickwork to avoid contamination of water in concrete mix.

Relocation of lodge (1820 log house and 
1840 addition) from Ohio Coshocton 
County to Tuscarawas County and 
resurrected combining historic and 
contemporary aesthetics with modern 
conveniences 

4.1 Design for reuse / recycling
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4.0 Design for deconstruction

Principles to maximize reuse of other materials:

� Roof structures generally suitable for reuse if made of truss or 

framework systems. After dismantling, may be reassembled in their 

original configuration or in alternative layout.

� For foundations generally the following applies: 

A29 Viaduct of Merville (F)

� Pre-cast concrete pad foundations or steel 

screw piles are easy to remove and reuse,

� Steel and pre-cast concrete driven piles are 

easy to deconstruct, 

� In-situ reinforced concrete piles are difficult to 

remove and separate into base materials even 

for recycling and thus should be avoided,

� Sheet piles are reused commonly for temporary structures

4.1 Design for reuse / recycling

4.0 Design for deconstruction

Parking Marignane (Marseilles): Composite struc. designed for reuse

Overview 

Construction stage 

Erection of steel structure 

Placing of the COFRADAL200 elements

4.1 Design for reuse / recycling
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4.0 Design for deconstruction

Parking Marignane (Marseilles): Composite constr. designed for reuse

Side view on first floor parking deck 

Detachable connection for installations

Connection detail

Connection detail COFRADAL200 deck on IPE300

4.1 Design for reuse / recycling

4.0 Design for deconstruction

For recycling avoid excessive use of:

� Massive construction (inline with European Waste Regulation)

� Non-recyclable materials

� thermal insulation (glas wool, polyterene),

� hard plaster,

� light-weight materials with low recycling possibilities.

� Elements hardly to be separated in each material components.

4.1 Design for reuse / recycling
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Optimum for sustainability is refurbishment with following advantages:

� Reduced waste, noise, dust, jobsite work

and traffic interference

Types of refurbishment are:

� Increase living quality by new 

ground floor design and upgraded services

� Densification of urban living

� Strengthening of existing structure

� Enhance structural behaviour by replacing 

4.2 Refurbishment

4.0 Design for deconstruction

� Increase living quality by new ground floor design and upgraded 

services, …

4.2 Refurbishment

Luxembourg Chambre of Commerce

The samebuilding at the same place - First two phases done (decontamination and core-removal), the structure (concrete, steel) preserved.

Crédit Lyonnais, Paris

4.0 Design for deconstruction
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� Densification of urban living

4.2 Refurbishment

4.0 Design for deconstruction

� Strengthening of existing structure

� Strengthening by supplements (e.g. welding, fibre reinforced polymeres, …)

4.2 Refurbishment

Externally bonded carbon fiber 
reinforced polymer (FRP) composites 
strengthen openings in concrete for 
new mechanical systems in a 
building being adapted for a new 
use.

4.0 Design for deconstruction

447



� Enhance structural behaviour by replacing 

� exchange of structural parts, e.g. facade, slabs, …

4.2 Refurbishment

4.0 Design for deconstruction

Bureau « BSA » (Bob Strotz Architecture)

� Enhance structural behaviour by replacing 

� exchange of structural parts, e.g. facade, slabs, …

4.2 Refurbishment

4.0 Design for deconstruction
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� Design for refurbishment

(flexibility and easy renovation)

� Bearing structure in outer frame 

(large spans required)

� Resolved bearing structure for repartition 

(no walls)

� Use of prefabrication / modular construction 

to reduced waste, noise, dust, jobsite work 

and traffic interference while improving safety 

and comfort for workers and residents.

4.2 Refurbishment

4.0 Design for deconstruction

5.0 Conclusions

Conclusions:

� Quote of recycling in EU-15 is only about 28%;

� Two-phase deconstruction concepts tend to produce landfilling;

� Four-phase deconstruction concepts more sophisticated and produce 

less disposal;

� Deconstruction is mainly done with excavators (82%);

� We can not reach recycling rates of 100% due to possible 

contaminations;

� Reuse of materials as well as parts of the structure should be already 

focused in design (recommendations given);

� Refurbishment is preferable for reducing resource consumption

⇒ Design for refurbishment and refurbishment techniques.

449



 
 
 

450



COST Action C25 
International Training School 
Sustainable Construction: A Life Cycle Approach in Engineering 
 
 
 
 
 
 
 

 
 
 
 
Multi-criteria Decision Making Methods  
in Refurbishment, Deconstruction  
and Demolition of Existing Structures   
 

 
Francesco Portioli 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

451



 
 
 

452



MALTA – Sustainable Construction 2010

Francesco Portioli

University of Naples “Federico II”

Multi-criteria decision making 
methods in refurbishment, 
deconstruction and demolition of 
existing structures

University of Malta

1.0 INTRODUCTION

The selection of the type of the intervention to be undertaken on existing 

buildings involves different criteria and alternatives. 

A number of techniques and design principles are available in the 

literature on refurbishment, deconstruction and demolition of existing 

structures.

However, the main questions are related to the selection of most suitable 

design and management strategies that should be based on an integrated 

approaches including life cycle assessment procedures.
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2.0 OBJECTIVES

The characteristics of the problem mean that a multi-criteria decision-

making (MCDM) approach is required.

The main objective of this lecture is to present a state-of-the-art report on 

the issues related to the application of multi-criteria decision making 

methods to the refurbishment, demolition and deconstruction of existing 

buildings.

3.1 Overview

A multi-criteria decision problem consists of determining the optimal 

alternative A* among a set of solutions Ai which are evaluated with 

respect to a set of criteria Cj.

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

Criteria can be expressed with different units of measure and may be 

qualitative or quantitative. As a consequence, the application of MCDM 

methods involve the normalization of vari-ables, the quantification of 

qualitative data and determination of criteria weights. Criteria can be 

classified as benefit-type or cost-type, according to the interest of 

decision maker in maximizing or minimizing their evaluation.
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3.1 Overview

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

In general, MCDM problems can be formulated in a matrix format. Let aij

be the performance of each alternative Ai with respect to different 

criteria Cj whose weights are wj. Weights are generally expressed in 

relative terms, that is 1=∑ jj
w

The typical decision matrix is then:

[ ]

1 2 3 4 n

11 12 1n

21

  

m1 mn

                         C C C C C

a a a

a
 

a a
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M
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3.1 Overview

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

Any decision-making technique can be divided in three steps: 

l) Determination of the relevant criteria and alternatives; 

2) Attachment of numerical measures to the relative importance of the 

criteria and to the impacts of the alternatives on these criteria; 

3) Processing of numerical values to determine a ranking of each 

alternative.
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3.1 Overview

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

In the following, a brief description of most common MCDM methods and 

most used approaches in demolition, deconstruction and retrofitting of 

existing structures is reported. 

In particular, details on weighted sum model, weighted product model, 

analytic hierarchy process and TOPSIS method are provided.

3.2 WSM Method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

In the weighted sum model (WSM) the best alternative is selected 

according to the following espression:

n

j 1

max for
=

= ∑*

WSM-score ij j
i

A a ×w          i=1,...., m.

In general, this method is suitable for single-dimensional problems while

in multi-dimensional cases difficulties occur. Moreover, involving the

maximization or minimization of different performances, the WSM

method is applicable to problems with criteria all of the same type, that

is benefit or cost-type criteria, while it is clear that in some cases their

value can conflict each other.
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3.3 WPM Method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

The weighted product model (WPM) is similar to the WSM. Each 

alternative is compared with the others according to the following 

product:

n
wj

k L Kj Lj

j 1

R(A / A ) (a / a )
=

= ∏

In the maximization case, the alternative Ak is to be preferred with respect 

to AL if the term R is greater than or equal to one. The best alternative is 

the one that maximizes the value of R.

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

The analytic hierarchy process (AHP) was developed by Saaty. The 

decision matrix is constructed by using the relative importance of the 

alternatives with respect to considered criterion. 

Each entry aij in the m x n matrix [A] represents the relative value of 

alternative Ai in terms of the criterion Cj.

In general, it is assumed that ij
a

n

i 1

1
=

=∑

As a consequence, in the AHP method the columns of decision matrix 

are normalized to add up one.
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3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

The relationship used to evaluate the best alternative is similar to WSM 

but it is based on rela-tive values instead of actual ones and as a 

consequence in this case the method may be applied to multi-

dimensional problems.

*

WSM-score ij j
i

A a ×w          i=1,...., m.
n

j 1

max for
=

= ∑

In the AHP method the columns of decision matrix are defined on the 

basis of a series of pair-wise comparisons of alternatives with respect to 

a selected criterion. 

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

The pairwise comparison approach allows to quantify qualitative data and 

to decompose a complex MCDM problem into a system of hierarchies. 

The same comparisons can be carried out on considered criteria as well, 

to define relative weights. 

The value of pairwise comparison is expressed by means of a linguistic 

judgment, as “A is more important than B” or “A is of the same 

importance as B” and so on. The quantification of linguistic choices is 

determined on the basis of proper scales, as the linear one proposed by 

Saaty 
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3.4 The AHP method: Fundamental Scale of Relative Importances

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

Intensity of 

Importance

Definition Explanation

1 Equal Importance Two activities contribute equally to the objective

2 Weak or slight

3 Moderate importance Experience and judgment slightly favor one 

activity over another

4 Moderate plus

5 Strong importance Experience and judgment strongly favor one 

activity over another

6 Strong plus

7 Very strong or demonstrated importance An activity is favored very strongly over another; 

its dominance demonstrated in practice

8 Very,very strong

9 Extreme importance The evidence favoring one activity over another is 

of the highest possible order of affirmation

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

The results of pairwise comparisons are used to define judgment 

matrices, also called Pairwise matrices or P matrices.

Each entry pij of these matrices corresponds to the number that estimates 

according to selected scale the relative performance (or weights of 

importance) of entity Ei when it is compared with Ej. Entities can be 

represented by alternatives Ai or criteria Ci that have to be compared in 

terms of selected criterion or decision goal.
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3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

[ ]

1 2 3 4 n

1 11 12 1n

2 21
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The matrix of pairwise comparisons is reciprocal, being pij=1/pij and pii=1. 

In case it is possible to have exact value of pij = wi/wj, with wi actual weigth 

of importance of entity Ei, the matrix [P] is consistent, that is pij=pik·pkj. 

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

It can be shown that for real values of pij the rank of [P] is 1 and that λ=n

is the principal eigenvalue. When the values of pij are close to actual ones 

but different, which is the most common case in applications, the [P] 

matrix is not consistent, the rank is greater than 1 and the maximum 

eigenvalue λmax is greater than or equal to n.

It can be demonstrated that the normalized principal eigenvector w of P 

matrix that corresponds to the maximum eigenvalue λmax represents the 

vector (ai1, ai2,…., ain) with relative per-formance, or weights, of 

compared entities, that is the i-th colum of matrix [A] or the vector of 

relative weights of criteria. 
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3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

In particular, it results:

[ ] w w     nmax maxP withλ λ⋅ = ⋅ ≥

i1 i2 in
w=(a , a  a,..., )

A simplified calculation of eigenvector w can be performed by multiplying 

the entries in each row of matrix P together and taking the n-th root. In 

order to have values that add up to 1, a nor-malization by the sum of 

obtained values has to be carried out. A simplified procedure to obtain 

λmax is to add the columns of matrix P and the multiplying the resulting 

vector with w.

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

To estimate the consistency of pairwise comparison matrix, Saaty 

proposed the Consistency Ratio CR, obtained dividing the consistency 

index by the Random Consistency Index RCI given in the following table

n 1 2 3 4 5 6 7 8 9

RCI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45

RCI values of sets of different order n.
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3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

To estimate the consistency of pairwise comparison matrix, Saaty 

proposed the Consistency Ratio CR, obtained dividing the consistency 

index by the Random Consistency Index RCI given in the following table.

RCI is an average random consistency index derived from randomly 

generated reciprocal matrices. 

n 1 2 3 4 5 6 7 8 9

RCI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45

RCI values of sets of different order n.

3.4 The AHP method 

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

CI is defined as follows:

maxCI ( n)/(n 1)λ= − −

According to Saaty, the CR should be less than 10% in order to have 

consistency in pairwise judgments.
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3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

TOPSIS method is based on the assumption that the best alternative 

should have the shortest distance from an ideal solution and the farthest 

distance from the negative-ideal solution. It is assumed that each 

criterion has a tendency of monotonically increasing or decreasing utility. 

The preference order of the alternatives is obtained on the basis of these 

relative distances. The method is organized in different steps as follows.

3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

TOPSIS method is based on the assumption that the best alternative 

should have the shortest distance from an ideal solution and the farthest 

distance from the negative-ideal solution. It is assumed that each 

criterion has a tendency of monotonically increasing or decreasing utility. 

The preference order of the alternatives is obtained on the basis of these 

relative distances. The method is organized in different steps as follows.
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3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

STEP 1. Construction of normalized decision matrix R

[ ]

11 1n

21

ij

ij  m
2

kj

k=1

m1 mn

                         

r r

r

a
r 

a

r r

m x n

... ... ... ...

R

 
 
 
 ==  
 
 
 
 

∑
M

K

3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

STEP 2. Generation of weighted normalized decision matrix [V]
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3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

STEP 3. Determination of ideal and negative ideal solutions

{ } { }* b c

ij ij 1* n*
A  v j J   v j J  i=1,..., m v  v

ii
(max ), (min ), ,....,= ∈ ∈ =

{ } { }- b c

ij ij 1- n-A  v j J   v j J  i=1,..., m v  v
i i

(min ), (max ), ,....,= ∈ ∈ =

where indexes Jb and Jc are associated to benefit and cost criteria

3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

STEP 4. Calculation of the separation Si* and Si- of different alternatives 

from ideal solutions

n

i* ij j*

j=1

S  v v
2

( )= −∑

n

i- ij j-

j=1

S  v v
2

( )= −∑

for i=1,…,m
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3.5 The TOPSIS method

3.0 MULTI-CRITERIA DECISION MAKING 
METHODS

STEP 5. Ranking of alternatives

The best alternative is the one with the shortest distance from ideal 

solution, that is the one which maximizes the relative closeness index Ci*, 

calculated as follows:

i-
i*

i* i-

S
C

S S
=

+

with Ci*=1 if Ai=A*

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)

4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

The case study of SPEAR building, a three-story reinforced concrete (RC) 

building tested at the ELSA Laboratory.  is used to apply and compare each 

retrofitting solutions and decision making method. 
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4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

Confinement by glass fiber reinforced

plastic (GFRP) Steel bracing

Concrete jacketing of columns

Base isolation and installation of four

viscous dampers at the first story

Alternative retrofit interventions 

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)

4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

Selected criteria and weights

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)
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4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

Decision matrix

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)

The different MCDMs that were considered for the evaluation of 

alternatives included WPM, ELECTRE and TOPSIS. 

4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

Weighted normalized decision matrix

Ideal solutions

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)
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4.0 APPLICATIONS TO STRUCTURAL 
RETROFITTING

Ranking of alternatives

4.1 Comparative Analysis of Multi-Criteria Decision- Making Methods for 
Seismic Structural Retrofitting (Caterino et al. 2009)

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)

An application of a decision-aid method in the context of choosing a 

sustainable demolition waste management strategy for a case study is 

presented in this study.

The case study concerned the demolition of 25 buildings of an old 

military camp.

Nine alternatives for demolition waste management were compared

Eight criteria were used

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT
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Types of alternatives

Alternative 1: buildings are demolished without sorting of the different materials.

….

Alternative 4: selective deconstruction of each building, i.e., all non-hazardous and hazardous

components are removed before demolition of the building structures. In this case, all hazardous

wastes are sorted. Each waste type, except metals and flat glass, which are recycled, go to

sanitary landfills.

….

Alternative 5: As Alternative 4. Inert wastes are recovered in road engineering. Metals, flat glass,

and glass wool are recycled. Wood wastes are used as fuel for district heating, and other non-

dangerous wastes go to a landfill.

…..

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)

Synthesis of types of alternative waste managements Ai and treatments 

Waste treatments
A1 A2 A3 A4 A5 A6 A7 A8 A9

Demolition x x x

Deconstruction x x x x x x

Sorting platform x x

Illegal dump x

Inert waste in landfill x x

Recycling of metals x x x x x x x x
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Criteria relevant to the three spheres of sustainable development were considered

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)

C1. Lost energy. This criterion measures the lost energy between the initial 

construction product and the use of demolition waste.

C2. Depletion of abiotic resources. Recovery ratio that considers the non-renewable 

character of materials contained in wastes.

C3. Global warming. This criterion is a balance of greenhouse gases. A total balance of 

greenhouse gases in kilograms of CO2-equivalent was made for the life cycle of each 

building constituent.

C4. Dispersion of dangerous substances into the environment. This criterion takes into 

consideration the dispersion of pollutants into the environment when demolition 

wastes are used in road engineering or disposal in landfills.

……

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)
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5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.1 Sustainable demolition waste management strategy  using 
multicriteria decision analysis ( Roussat et al. 2009)

Decision matrix

5.0 APPLICATIONS TO DEMOLITION AND 
WASTE MANAGEMENT

5.2 An Integrated System for Demolition Techniques S election ( Anumba 
et al. 2008)

In this study the AHP method is applied to the selection of the most appropriate 

demolition technique.

Selected criteria and types of alternatives

Structure

Characteristics
Site conditions Cost

Past 

experience
Time

Reuse and 

recycling

Progressive

Demolition
… …

Deliberate

Collapse

Mechanisms

… aij

Deconstruction … ….
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1.1 What are the LC design methodologies?

1  ABOUT LC DESIGN METHODOLOGIES

• LC design methodologies are methods used in the engineering 

science to predict, plan, organize and optimize the future 

performance of structures so that they meet all structural, 

economic, ecological and cultural requirements set for them over a 

defined design period.

• A common feature in the LC design methodologies is that they 

apply degradation models to predict the future performance of 

structures.
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1.2  Branches of LC design

LCC and LCA 
analyses

Service life 
design

Specification and planning of maintenance, 
repair and rehabilitation (MR&R) actions 

for existing structures to meet all requirements

set to them over a design period

Specification and planning of new 
structures to achieve the desired 

design life (with regard to durability and other 

requirements) with the required probability

Determination of life cycle costs and 
environmental impacts as a part of the 

service life design or life cycle management

Evaluation of the probability of failure 
of a structure or a component

as a function of time

Life-cycle
management

Time variant
risk analyses

1.3 Degradation models as a necessity of LC design

Degradation 
models

LCC and LCA 
analyses

Service life 
design

Life-cycle
management

Time variant
risk analyses
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1.4 Where we need LC design methodologies

• Life cycle design methodologies are needed in today’s design of 

new structures and in maintenance of existing structures

• Eurocode 0. Basis of structural design emphasizes the importance 

of durability and service life design in today’s structural design. 

“The degree of any degradation may be estimated on the basis of 

calculations, experimental investigation, experience from earlier 

constructions , or a combination of these considerations.”

1.5 Two Assignments

1. Developing a stochastic service life calculator based on a given 

degradation model

2. Developing a Markov Chain based condition analysis over a 

design period including determination of LC costs and 

environmental impacts

479



2.1 What is service life calculator?

2  SERVICE LIFE CALCULATOR

• With a service life calculator a designer can determine the service 

life of a structure with given material, structural and 

environmental parameters and with a given safety level.

• With a service life calculator a designer can prove that the 

estimated service life with the specified material and structural 

parameters and in the intended environmental exposure is longer 

than the design service life (e.g. 50, 75 or 100 years) with a certain 

probability (e.g. 95%, 90% or 50%)

• Degradation models are mathematical functions with which it is 
possible to predict the degradation of structures as a function of 
time and possible material, structural and environmental 
parameters.

• Degradation may be chemical, physical, electrochemical, 
biological etc.

• To be practical the degradation models should be relatively 
simple time functions and the variables should be general design 
parameters or measurable parameters.

Introduction to Assignment 1

2.2 Degradation Models

Time, years
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Introduction to Assignment 1

2.2 Degradation Models (continued)

• One of the recommended time function is the power function with 
a coefficient and exponent of time

• Depending on the value of the exponent the function is 
accelerating, decelerating or linear with time.          

• The material, structural and environmental parameters are 
integrated in the coefficient and possibly the exponent of time.

D  is degradation (in any units)
a coefficient depending on material structural and exposure parameters
t  time (years)
n  exponent of time depending on material, structural and exposure parameters 

ntaD ⋅=

• An example of a degradation model is presented below. It shows 
the rate of frost-salt scaling of concrete surface with time in by-
the-road environment. 

• d is the average depth of scaled-off concrete, mm
t is time, years

w/c is water-cement ratio

a is air content, %

kexp is exposure coefficient

kcem is cement factor

Introduction to Assignment 1

2.3 Example of a Degradation Model

t
a

)c/w(
kk.d

.cemexp ⋅⋅⋅⋅=
60

4

54

Exposure coefficients
Exposure class XF2: kexp = 0.65 

Exposure class XF4: kexp = 1

Cement factors
Finnish Std:         kcem = 1.29

Finnish Rapid:     kexp = 0.88

Finnish SR:           kexp = 1.07
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Setting of Assignment 1:

2.4 Developing a service life calculator

• Make a service life calculator on an Excel worksheet using the 
degradation model presented in the previous slide

• The maximum allowable degradation dmax is 15 mm

• Keep the material and environmental parameters selectable by the 
designer

• Present first the average service life 

• Determine the fractile service life with several safety levels using 
the following assumptions for service life distribution:

– Log-normal distribution

– Coefficient of variation 0.6

• Draw the service life probability curve

Solution of Assignment 1

2.5 Developing a model for average service life

• The  model for average service life can be derived from the 
degradation model when the maximum allowable degradation 
(corresponding to service life) is known.

• Normalize the degradation model function by dividing both 
sides by the maximum allowable degradation. 

• In a normalised degradation model the relative degradation f 
gets the value 1 at the time of service life. 

• Determine the the average service life as: 

n

L b
t

1

1







=
tL is average service life (years)
n  exponent of time.

ntbf ⋅= b is coefficient of the normalised degradation curv e, b = a/ Dmax
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Solution of Assignment 1

2.6 Developing a stochastic service life model

• A stochastic service life model shows the fractile service life 

corresponding to the required safety level (e.g. 95%, 90%, or 80% 

probability).

• The model for fractile service life can be obtained by dividing the 

average service life by the safety factor corresponding to the 

required safety level.

L

avg;L
fract;L

t
t

γ
= where γL is the safety factor

service lifeaveragefractile
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Solution of Assignment 1 

2.7 Safety factor of service life

• The value of the safety factor depends on the form of distribution 

and the standard deviation (coefficient of variation) of service 

life.

• Usually the form of distribution is skew (negative values of service 

life are impossible) and the standard deviation is rather high.

• In case of log-normal distribution the safety factor of service life 

can be determined as follows:








 +++β=γ )Vln()Vln(expL
22 1

2

1
1

where V is the coefficient of variance of service life and
β is the safety index of (0,1) normal distribution (depending 
on the requiredafety level)
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Solution of Assignment 1 

2.8 Service life probability curve

• Calculate the following parameters of the log-normal 

distribution:

• Make a column for years (t) ranging from 0 to 200 years

• Calculate the probability of exceeding the service life (t) in 

the next column. Use the LODNORMDIST function with 

parameters (t; µ(Y); σ(Y))

)Y()X(ln)Y(

)Vln()Y(

)ttancons()X(/)X(V

x

x

2
2
1

22 1

σ−µ=µ

+=σ

µσ=
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3.1 What is Markov Chain based condition analysis?

3  MARKOV CHAIN BASED CONDITION 
ANALYSIS 

• Markov Chain based condition analysis is an interactive  calculation 

table that shows the probability of the structure to be at any of the 

condition states in any year taking into account all maintenance, 

repair and rehabilitation (MR&R) actions during the design period 

(e.g. 50, 100 or 200 years). 

• Markov Chain based condition analysis can make the basis of a 

predictive LC management system

Introduction to Assignment 2 

3.2 Characteristics of Markov Chain condition analysis

• Markov Chain condition analysis is a table of 
probabilities arranged with years in rows and 
condition states in columns.

• The numbers in the table show the 
probability that the structure is at any 
condition state in any year.

• The design period can be selected by the 
user (e.g. 50, 100 or 200 years).

• The number of condition states is optional 
ranging normally between  5 and 10.  

• Limit state (corresponding the maximum 
allowable degradation) must be defined. 
Normally there should be at least 1 state 
above the limit state.

• The other condition states (from 0 to limit 
state) are defined proportional to 
degradation

• The probabilities of the condition analysis 
table are determined by matrix multiplication 
using transition probability matrices.

Degradation matrix
0 1 2 3 4

0 0.876 0.094 0.03 0 0
1 0 0.855 0.105 0.04 0
2 0 0 0.838 0.112 0.05
3 0 0 0 0.880 0.120
4 0 0 0 0 1.000

Condition analysis Table
State 0 1 2 3 4

0 0.550 0.300 0.150 0.000 0.000
1 0.482 0.308 0.174 0.029 0.008
2 0.422 0.309 0.192 0.057 0.020
3 0.370 0.304 0.206 0.084 0.036
4 0.324 0.294 0.216 0.109 0.057
5 0.284 0.282 0.222 0.132 0.080
6 0.249 0.268 0.224 0.152 0.107
7 0.218 0.252 0.223 0.170 0.137
8 0.191 0.236 0.220 0.185 0.168
9 0.167 0.220 0.215 0.197 0.202
10 0.146 0.204 0.208 0.206 0.236
11 0.128 0.188 0.200 0.213 0.271
12 0.112 0.173 0.191 0.217 0.307
13 0.098 0.158 0.182 0.219 0.342
14 0.086 0.145 0.172 0.220 0.378
15 0.075 0.132 0.162 0.218 0.412
16 0.066 0.120 0.152 0.216 0.447
17 0.058 0.109 0.142 0.212 0.480
18 0.051 0.098 0.132 0.206 0.513
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Introduction to Assignment 2 

3.3 Condition guarding system and the effect of repairs 

• There is a condition guarding system built 
over the Markov Chain condition analysis. 
The condition guarding system triggers 
automatically an action whenever the 
defined maximum probability for the limit 
state is exceeded.

• There are two kinds of transition 
probability matrices: degradation 
matrices and action effect matrices. The 
action effect matrices are used only in 
those years when the repair action is 
performed. They show the effect of the 
repair on the condition of the structure. 

• In other years the degradation matrices 
are used (showing the effect of 
degradation on the condition of the 
structure). Note that the degradation 
matrix of the original structure is normally 
different than that of the original 
structure.

Transition probability matrix of original structure
State 0 1 2 3 4

0 0.64 0.36 0 0 0
1 0 0.69 0.31 0 0 DEGRADATION OF 
2 0 0 0.71 0.29 0 ORIGINAL STRUCTURE
3 0 0 0 0.72 0.28 Coefficient c 0.4
4 0 0 0 0 1 Exponent n 0.9

Transition probability matrix of repair
State 0 1 2 3 4

0 1 0 0 0 0 REPAIR DATA
1 0.95 0.05 0 0 0 Cost 100 Euro/m2

2 0.92 0.05 0.03 0 0 Non-Ren Energy 100 MJ/m2
3 0.9 0.05 0.03 0.02 0 CO2 10 kg/m2

4 0.88 0.05 0.03 0.02 0.02
DEGRADATION 

Transition probability matrix of degradation after repair AFTER REPAIR
State 0 1 2 3 4 Coefficient c 0.1

0 0.85 0.15 0 0 0 Exponent n 1.2
1 0 0.81 0.19 0 0
2 0 0 0.80 0.20 0 REPAIR CRITERIA
3 0 0 0 0.78 0.22 Limit state 3
4 0 0 0 0 1 Max Prob 0.5

State 0 1 2 3 4 Repair Number of
Prob(0) Prob(1) Prob(2) Prob(3) Prob(4) Average DegProb (>3) criteria repairs

Year
0 1.000 0.000 0.000 0.000 0.000 0.00 0.000 0 0
1 0.639 0.361 0.000 0.000 0.000 0.36 0.000 0 0
2 0.408 0.480 0.113 0.000 0.000 0.70 0.000 0 0
3 0.261 0.478 0.229 0.033 0.000 1.03 0.033 0 0
4 0.166 0.423 0.310 0.091 0.009 1.35 0.100 0 0
5 0.106 0.351 0.351 0.156 0.035 1.66 0.191 0 0
6 0.068 0.280 0.357 0.215 0.079 1.96 0.295 0 0
7 0.043 0.218 0.340 0.259 0.140 2.24 0.400 0 0
8 0.028 0.165 0.307 0.286 0.214 2.49 0.499 0 0
9 0.018 0.124 0.269 0.295 0.294 2.72 0.590 1 0
10 0.907 0.049 0.026 0.012 0.006 0.16 0.018 0 1
11 0.774 0.173 0.030 0.015 0.008 0.31 0.023 0 1
12 0.661 0.254 0.056 0.017 0.012 0.47 0.029 0 1
13 0.564 0.303 0.092 0.025 0.015 0.63 0.041 0 1
14 0.481 0.329 0.130 0.039 0.021 0.79 0.059 0 1
15 0.410 0.338 0.165 0.057 0.029 0.96 0.086 0 1
16 0.350 0.335 0.195 0.079 0.042 1.13 0.120 0 1
17 0.299 0.323 0.218 0.101 0.059 1.30 0.160 0 1
18 0.255 0.306 0.234 0.124 0.081 1.47 0.205 0 1
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Introduction to Assignment 2 

3.4 Combining LC costs and environmental impacts to the 

analysisTransition probability matrix of original structure
State 0 1 2 3 4 GENERAL DATA

0 0.64 0.36 0 0 0 Design period 40 Years
1 0 0.69 0.31 0 0 DEGRADATION OF Discount rate 3 %
2 0 0 0.71 0.29 0 ORIGINAL STRUCTURE Surface area 50 m2

3 0 0 0 0.72 0.28 Coefficient c 0.4
4 0 0 0 0 1 Exponent n 0.9 RESULTS

Transition probability matrix of repair LC COSTS PER UNIT AREA
State 0 1 2 3 4 Cumulative real costs 200 Euro/m2

0 1 0 0 0 0 REPAIR DATA Cumulative PV costs 122 Euro/m2

1 0.95 0.05 0 0 0 Cost 100 Euro/m2 Average annual costs 5.00 Euro/m2/yr
2 0.92 0.05 0.03 0 0 Non-Ren Energy 100 MJ/m2 Equalised annual costs 5.13 Euro/m2/yr
3 0.9 0.05 0.03 0.02 0 CO2 10 kg/m2 Non-Ren Energy 200 MJ/m2

4 0.88 0.05 0.03 0.02 0.02 CO2 20 kg/m2
DEGRADATION 

Transition probability matrix of degradation after repair AFTER REPAIR TOTAL LC COSTS
State 0 1 2 3 4 Coefficient c 0.1 Cumulative real costs 10000 Euro

0 0.85 0.15 0 0 0 Exponent n 1.2 Cumulative PV costs 6108 Euro
1 0 0.81 0.19 0 0 Average annual costs 250 Euro/year
2 0 0 0.80 0.20 0 REPAIR CRITERIA Equalised annual costs 257 Euro/year
3 0 0 0 0.78 0.22 Limit state 3 Non-Ren Energy 10000 MJ
4 0 0 0 0 1 Max Prob 0.5 CO2 1000 kg

State 0 1 2 3 4 Repair Number of LC costs Discount LC costs Non-Ren CO2

Prob(0) Prob(1) Prob(2) Prob(3) Prob(4) Average DegProb (>3) criteria repairs real factor discounted Energy
Year

0 1.000 0.000 0.000 0.000 0.000 0.00 0.000 0 0 0 1.000 0 0 0
1 0.639 0.361 0.000 0.000 0.000 0.36 0.000 0 0 0 0.971 0 0 0
2 0.408 0.480 0.113 0.000 0.000 0.70 0.000 0 0 0 0.943 0 0 0
3 0.261 0.478 0.229 0.033 0.000 1.03 0.033 0 0 0 0.915 0 0 0
4 0.166 0.423 0.310 0.091 0.009 1.35 0.100 0 0 0 0.888 0 0 0
5 0.106 0.351 0.351 0.156 0.035 1.66 0.191 0 0 0 0.863 0 0 0
6 0.068 0.280 0.357 0.215 0.079 1.96 0.295 0 0 0 0.837 0 0 0
7 0.043 0.218 0.340 0.259 0.140 2.24 0.400 0 0 0 0.813 0 0 0
8 0.028 0.165 0.307 0.286 0.214 2.49 0.499 0 0 0 0.789 0 0 0
9 0.018 0.124 0.269 0.295 0.294 2.72 0.590 1 0 0 0.766 0 0 0

10 0.907 0.049 0.026 0.012 0.006 0.16 0.018 0 1 100 0.744 74 100 10
11 0.774 0.173 0.030 0.015 0.008 0.31 0.023 0 1 100 0.722 74 100 10
12 0.661 0.254 0.056 0.017 0.012 0.47 0.029 0 1 100 0.701 74 100 10
13 0.564 0.303 0.092 0.025 0.015 0.63 0.041 0 1 100 0.681 74 100 10
14 0.481 0.329 0.130 0.039 0.021 0.79 0.059 0 1 100 0.661 74 100 10

Introduction to Assignment 2

3.5 Relationship between the condition states and the 

degradation model

• The limit state corresponds to the service life (D = Dmax or f = 1)

• The other condition states (from 0 to limit state) are defined proportional to 

degradation.

• So the ”scaled degradation function” can be defined as

i = ils.f (i = 1, 2, 3, …ils)  where f is the normalised degradation function 

• In the case of a power function this ”scaled degradation model” can be 

determined as

• The time to attain state i is:
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Introduction to Assignment 2

3.6 Transition probability matrix for degradation

• A common form of a transition probability matrix 
for degradation is presented right. It is based on 
the assumption that in one year transition from 
state i is only possible to the next state (i+1).

• The transition probabilities pi;i are determined as: 
(sum of rows must be 1)
pi;i=1-pi;i+1

• The value of the ”drop-to-next-state” 
probabilities 
pi;i+1 can be determined from the scaled 
degradation model as presented right.

• ∆ti;i+1 is the average transition time from state i to 
i+1 (figure). pi;i+1 can also be interpreted as 
being the average rate of degradation between i 
and i+1 (scaled degradation).

• In a linear case (n=1) the ”drop-to-next-state” 
transition probabilities can be determined simply 
as pi;i= c for all condition states. 
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Introduction to Assignment 2 

3.7 Transition probability matrix for MR&R action  effects

• A general form of the action effect matrix is 
shown right. It is assumed that the condition 
of the structure is improved or maintained 
the same as a result of repair.

• Transition probabilities for action effects 
show the probability that a structure that 
was before the repair in state i will be after 
the repair in  state j.

• The transition probabilities of action effects 
are specific to MR&R actions.

• Normally the transition probabilities  pi,0 are 
close to 1 when the repair is succeeded. 
However, there may be a small fraction 
representing the probability of failure in 
repair. In that case the "failure fraction" may 
be left in the original state (diagonal) or 
distributed between 0 and diagonal. 

• The sum of the rows of the matrix must be 
1.

.

State 0 1 2 3 4

0 p00 0 0 0 0

1 p10 p11 0 0 0

2 p20 p21 p22 0 0

3 p30 p31 p32 p33 0

4 p40 p41 p42 p43 p44

State 0 1 2 3 4

0 1 0 0 0 0

1 p10 1-p10 0 0 0

2 p20 0 p20 0 0

3 p30 0 0 1-p30 0

4 p40 0 0 0 1-p40
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Setting of Assignment 2

3.8 Markov Chain based condition analysis over time

• Do a Markov Chain based condition analysis over 200 years

• The same degradation model is used as in Assignment 1. Keep the same 
selectable variables as in Assignment 1

• Use six states (0…5) and keep state 3 as the limit state. The criteria for 
repair is 50% probability (of exceeding the service life) 

• If several repairs are needed during the design period the same repair 
method is used in consequential cases. The probability of a successful 
repair is 98%.

• Determine first the transition probability matrices.

• Determine then the condition analysis table

• Add the cost and environmental impacts beside the condition analysis using 

the given cost and environmental impact data for the repair method.

Solution of Assignment 2

3.9 Determination of transition probabilities for 

degradation

• Determine the scaled degradation model from the original degradation model

• Determine the transition probabilities of degradation matrix as presented in 
3.6. As the degradation model is linear the ”drop-to-next-state” transition 
probabilities are
pi;i+1 = c for all condition states.

• Determine c for both the original structure and the repaired structure and 
insert them to respective matrices. The “stay-in-same-state” probabilities are 
determined as pi;i = 1- pi;i+1. . The degradation matrix would look like

State 0 1 2 3 4 5
0 1-c c 0 0 0 0
1 0 1-c c 0 0 0
2 0 0 1-c c 0 0
3 0 0 0 1-c c 0
4 0 0 0 0 1-c c
5 0 0 0 0 0 1
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Solution of Assignment 2

3.10 Determination of repair matrix

• A result of the repair the structure is transited to the best condition state (0) with 
a high probablity. The fragment of failure cases is left to the original condition 
state. Then the repair matrix would look as follows:

• In this case it is assumed that the ”jump-to-zero” transition probabilities (in the 
first column) are 0.98 for all (condition states i) and the ”stay-in-original-state” 
probabilities (in the diagonal) are 1-0.98=0.02. All the other probabilities are 0.   

• Always make sure that the sum of rows in the matrices equals to 1.

State 0 1 2 3 4 5

0 1 0 0 0 0 0

1 p10 1-p10 0 0 0 0

2 p20 0 1-p20 0 0 0

3 p03 0 0 1-p30 0 0

4 p40 0 0 0 1-p40 0

5 p50 0 0 0 0 1-p50
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Solution of Assignment 2

3.11 Determination of the condition probabilities 

over time
• Give the values of the condition vector at year 0. The sum of the probabilities must 

be 1. For example [1,0,0,0,0,0] or [0.25,0.50,0.2,0.05,0,0]

• Calculate the probability of the structure being at state 0 in year 1 using the 
MMULT-function and the degradation matrix for the original structure. Copy to right 
and down to fill the table. Note the rows and columns that must be fixed before 
copying. 

• Determine the probability of exceeding the limit state (by totaling probabilities 
greater or equal to the limit state). Add a ”Check column" to the right of the Markov 
Chain condition table. Using the IF-statement give the check value 1 every time 
when the probablity of exceeding the limit state exceeds the maximum allowable 
probability, otherwise 0.

• Re-calculate the Markov Chain table so that the repair matrix is applied every time  

when the check value is 1. To avoid circular references schedule the repair to the 

next year (next row in the table).

• Calculate the number of repairs in the next free column.

• Re-calculate the Markov Chain table so that the degradation matrix of the original 
structure is only used when the number of repairs is 0. Otherwise use the 
degradation matrix of the repaired structure.
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Solution of Assignment 2 

3.12 Drawing curves

• Draw the probability curves for all condition states as a function of time. Notice the 
form of distribution for each condition state.

• Draw the probability curve for P(cond.state>=3). This curve can be considered to 
represent the probability function of service life. Note that the curve is returned close 
to 0 every time the maximum allowable probability is exceeded.

• See how the curves are changed when changing the selectable parameter values.  
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Solution of Assignment 2 

3.13 Determining costs and environmental impacts

• Calculate to the next free column the discount factor as  presented below (p is 

the discount rate  (%) and t is time (years))

• In the next free columns copy the given unit costs, and the environmental 

impacts per m2 (related to the repair action) at each year when the repair is 

implemented.

• To determine the PV costs multiply the real costs by the discount factor of the 

year. 

• Calculate the sum of costs and environmental impacts per m2 from the whole 

design period. 

• To get the total costs multiply the unit costs and environmental impacts per m2

by the area of repair.
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4  CONLUSIONS

• Two assignments elucidating typical LC design methodologies to be 

used in the design of both new and existing structures are 

presented.

• The first assignment shows how to make a service life calculator 

based on a degradation model and taking into account the 

required safety level.

• The second assignment is for building up a Markov Chain based 

condition analysis that could form the basis of a predictive life-

cycle management system. It shows also how to add the analysis of 

life cycle costs and environmental impacts to the condition 

analysis. 
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